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 Integral abutment bridges (IABs) eliminate the joints between the deck and abutments and 
hence have become more prevalent in the U.S. due to lower maintenance costs and longer service 
life. Cracking of approach slabs immediately adjacent to IABs, which requires maintenance, 
repair, and even premature replacement, has been observed recently at a number of IABs in Illinois. 
Agency survey across the U.S. indicates that other states have also observed similar cracking in 
IAB approach slabs.  Field inspections of existing approach slabs for bridges in Illinois suggest 
there are common crack patterns among mainline interstate highway bridges and also in cross-road 
bridges. To study the long-term behavior of IAB approach slabs, a four-lane cast-in-place approach 
slab and a three-lane precast approach slab were instrumented. Changes in concrete strain and 
temperature at distributed plan locations and at several locations through the slab thickness were 
measured. Global displacements of the slabs due to thermal deformations were also measured. 
Results indicate that slab deformations are in many cases linearly related to temperature change. 
Nonlinear behavior is observed at some locations of the approach slabs close to the abutment, 
especially during the summer of 2018. Static truck testing was conducted to study the effects of 
live load on the approach slabs. Although live load effects were distinctly observed, the thermal 
strain change even during daily cycles is more substantial compared to live load induced strains. 
Finite element analyses of the IAB approach slabs under live load and temperature change were 
also conducted. These numerical results were used to estimate the elastic modulus of subgrade 
reaction for the soil beneath the approach slabs. To date, no significant cracks have been observed 
in the instrumented approach slabs, and the modest measured field strains are consistent so far 
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CHAPTER 1: INTRODUCTION 
 
1.1 Typical highway bridge configuration and components 
Highway bridges used in the U.S. have an array of components as shown in Figure 1.1. The 
superstructure of a bridge is the section of the structure that acts as the span and directly receives 
the live load. It consists of the deck and girders, as shown in Figure 1.1. The portion of the structure 
that does not directly take the load, but rather acts as a support for the superstructure, is called the 
substructure. It consists of abutments, which are the end supports of the bridge, intermediate piers 
(dependent on the number of spans of the bridge) and wing walls. Approach slabs are placed 
between the bridge deck and roadway pavement, resting on one end on the abutment and a sleeper 
pad / slab or pile bent on the other. On either end of the bridge a transition slab is provided to 
connect the approach slab (and therefore the whole bridge) to the roadway pavement.  
 
 
Figure 1.1 Typical bridge (elevation view) (Farris 2009) 
 
1.2 Integral Abutment Bridge overview 
Integral Abutment Bridges (IABs) are bridges that have no expansion joint between the deck and 
the approach slab. The deck and approach slab are thus connected using a construction joint, and 
the ends of the bridge girders are encased in the abutment. This monolithic design causes the 
substructure and superstructure of a bridge to behave as a continuous unit, leading to restraint 
against thermal expansion/contraction of the components of the bridge. This leads to significant 






Figure 1.2 Typical section through Integral Abutment (IDOT Bridge manual, 2017) 
IABs are currently being widely used by many departments of transportation in the United States. 
This can be attributed to a number of advantages that IABs offer in terms of performance and cost 
effectiveness. The main advantages of integral abutment bridges are: 
 Lower construction and maintenance costs due to elimination of joints. 
 Reduced exposure of substructure to water and salt due to lack of joints. 
 Improved vehicular ride quality. 
 Simple and rapid construction. 
The behavior of IABs is much more complex due to the continuity between the superstructure and 
substructure. Even though IABs have been widely used in the U.S., there is still a lack of 
information about the demands associated with various load effects and their correct estimation. 
 
1.3 IAB approach slabs and observed performance  
Approach slabs are structural components used as a transitional span between the road pavement 
and a bridge superstructure. They are designed to span from the embankment that is excavated to 
construct the abutment, to the undisturbed embankment beyond the bridge without significant 
differential settlement. The excavated embankment behind the abutment is difficult to compact 
and is thus prone to settlement, making approach slabs essential to smooth operation of a bridge. 
Figure 1.3 shows a typical elevation view of approach slabs. The functions of an approach slab are 




 To span the possible void that may develop below the slab (designed as a simply supported 
slab). 
 To provide a ramp for accommodating any differential settlement between the abutment 
and pavement. 
 To reduce water percolation into and erosion of the backfill material. 
 Approach slabs have been observed to be prone to settlement and cracking, and the former 
manifests as a ‘bump’ at either end of the bridge. This bump does not pose any significant structural 
safety concern, but surface cracking leads to higher maintenance costs for a bridge, as well as 
reduced serviceability. 
 
Figure 1.3 Elevation view of a typical IAB approach slab (IDOT Bridge manual, 2017) 
 
Cracking of approach slabs has been identified as a concern by multiple agencies in the U.S., 
especially in the Midwest region. The Illinois State Toll Highway Authority (Illinois Tollway) 
observed significant cracking in IABs constructed between 2013 and 2014 and found cracking to 
be a concern for mainline interstate highway bridges in Illinois. Approach slabs with high skew 
angle were reported to have a large number of cracks, while slabs with low skew angles were 
generally observed to incur fewer cracks. The Tollway has used precast slabs to reduce cracking, 
but some cracks can be observed on the precast slabs as well. Also, the guidelines for the choice 
of usage of precast or cast-in-place slabs can only be applied to long-span bridges.  
 
1.4 Approach slab investigation 
Based on the observed field performance of approach slabs, several research needs were defined 




 Developing an understanding of the approach slab cracking currently observed in Illinois 
Tollway’s IABs.  
 Developing improved design criteria, construction details, and procedures for preventing 
and/or mitigating early approach slab cracking.  
 Providing suggestions to enhance Illinois Tollway’s full depth pre-cast approach slab 
details to replace current cast-in-place and IDOT pre-cast alternatives. 
The project is thus be divided into 5 parts: agency survey, literature review, field monitoring, 
numerical modelling, and improvements and recommendations for both cast-in-place and pre-cast 
approach slabs.  This thesis covers the literature review, the first year of field monitoring, and 
preliminary modelling. 
 
1.5 Thesis objectives 
This thesis aims to comprehensively understand the global behavior of IAB approach slabs. In 
order to accomplish that, the study focuses on the first year of field data collected from two 
approach slabs. Along with the general response due to seasonal variations, this study also aims to 
explore the effect of live loading on approach slabs. Finally, there is a need to develop a numerical 
model of approach slabs, in order to come up with design recommendations for IAB approach 
slabs, and so a preliminary model has been developed as part of this work. 
 
1.6 Thesis organization 
The thesis is divided into 7 chapters. The first chapter gives a brief introduction to IABs and bridge 
approach slabs, along with the motivation and scope of the study. Chapter 2 includes a review of 
the studies already done on field monitoring and numerical modelling of approach slabs integrally 
tied to an abutment. Chapter 3 covers details of the bridges monitored in this study, as well as the 
sensing and instrumentation schemes that were employed. Results (stresses and strains) observed 
from the instrumented bridges are covered in Chapter 4, along with a discussion of the different 
trends observed in the data. Chapter 5 covers the static truck loading testing done to obtain the 
response of approach slabs under live load. Chapter 6 presents the preliminary numerical model 
used to simulate the response of an IAB approach slab. It also includes calibration of the model 
using data obtained from the static truck load testing. Finally, all the findings and results are 




CHAPTER 2: LITERATURE REVIEW 
A brief summary of the literature pertaining to field monitoring and numerical modelling of IAB 
approach slabs is given in the following sections, in order to help provide context and background 
information about the present research in comparison to previous studies. 
 
2.1 Field Monitoring 
Rutgers University Study 
Researchers at Rutgers University (Nassif et al. 2007) instrumented six approach slabs on the 
Doremus Avenue Bridge in Newark, New Jersey and tested them prior to opening to traffic. The 
research aimed to recommend new design details based on static testing and long-term monitoring 
of approach slabs. The layout of the approach slabs at the Doremus Avenue Bridge is shown in 
Figure 2.1. The slabs were constructed such that they have varying lengths, to study the effect of 
length of the slab while the thickness was kept constant at 18 in. The slabs were instrumented with 
up to 20 sensors of various types: strain gauges, thermistors, dynamic strain gauges, pressure cells, 
settlement sensors and deformation sensors. The 96-channels of data was collected every hour with 
data loggers. The maximum and minimum values incurred during each hour were also recorded. 
More sensors were provided at critical sections identified by prior 3-D FE analysis (Nassif et al. 
2002) and near the abutment, as it had been observed that most of the approach slab cracking takes 
places near abutments. 
 




The study showed that the approach slab strains exhibit a sharp initial decrease that is not recovered 
afterwards. This strain change is attributed to the shrinkage of concrete. However, after the initial 
strain change, subsequent strain changes are observed to be proportional to the temperature of the 
slab. Typical strain and temperature response histories are shown in Figure 2.2. 
 
Figure 2.2 Approach slab strain and temperature profile with time (Nassif et al. 2007) 
 
Static testing was performed on three slabs by placing a 3-axle truck on the slab at various 
positions, travelling in both directions. The strain data obtained from the static testing was used to 
calibrate the companion 3-D FE models. 
 
Iowa State University Study 
Researchers at Iowa State University instrumented two 3-span concrete girder bridges constructed 
in 2006 on the Iowa Highway 60 bypass in Sheldon, IA (Greimann et al. 2008). The objective of 
the study was to evaluate approach slab performance and effects of connecting it integrally to the 
bridge. The northbound bridge has a 76 ft - 11 in. long precast approach slab, while the southbound 
bridge uses a 29 ft – 6 in. long cast-in-place approach slab. Both instrumented approach slabs have 
a 30º skew and 12 in. thickness.  The support conditions for the two slabs differed significantly, 
with the precast slab supported continuously with modified subbase used all along the bottom 
surface, while the cast-in-place slab is supported only at the ends, using a sleeper slab. The precast 
approach slab and cast-in-place approach slab are shown in Figures 2.3 and 2.4, respectively.  
Along with the approach slabs, other structural components, including the deck and piles, were 





Figure 2.3 Plan view of northbound bridge approach slab (precast) (Greimann et al. 2008)  
 
Figure 2.4 Plan view of southbound approach slab (cast-in-place) (Greimann et al. 2008) 
 
The strains were collected strain gages installed along the middle of the approach slab arranged 
along the skew (northbound) and uniformly distributed in the slab (southbound). These were then 
averaged and elastic behavior of the slab was assumed to calculate slab forces. Both of the 
approach slabs showed long-term cyclic variation with each season while also exhibiting smaller 
short-term cycling behavior due to daily temperature variation, as observed in other studies. As 
shown in Figures 2.5 and 2.6, the average force in the precast slab was observed to have a clear 
trend with temperature, but the cast-in-place approach slab showed no clear trend with average 
temperature, suggesting that the cast-in-place approach slab does not develop any load related 





Figure 2.5 Northbound (pre-cast) bridge approach slab average force (kips) with respect to 
slab temperature (ºF) (Greimann et al. 2008) 
 
Figure 2.6 Southbound (cast-in-place) bridge slab average force (kips) with respect to slab  
temperature (ºF) (Greimann et al. 2008) 
 
The precast approach slab was instrumented with displacement transducers installed across 5 joints 
(abutment to slab, Panel 1 to 2, Panel 2 to 3, Panel 3 to 4 and expansion joint between Panel 4 and 
pavement) along with strain transducers in the slab. It was observed that the longitudinal abutment 
displacement for the northbound bridge was lower than that of the southbound bridge (Farris 
2009). This phenomenon was attributed to the difference in the length of approach slabs and the 
resulting difference in resistance to movement and rotation. However, the transverse abutment 
displacement for the northbound bridge was found to be higher (almost double) than that of the 
southbound bridge and they were observed to have different trends over the year. The reason for 




relative movement between the panels and between abutment and panels, while the maximum 
relative movement at the expansion joint was about 1 in. as shown in Figure 2.7 (Farris 2009). The 
expansion joint movement range for the cast-in-place slab was found to be slightly higher than that 
of the precast slab, but both of the slabs follow similar trends in joint opening with time (Greimann 
et al. 2008).  
 
Figure 2.7 Northbound bridge approach slab joint movements (Farris 2009) 
 
In another study (Nadderman and Greimann 2010), researchers at Iowa State University 
instrumented approach slabs on a bridge on U.S. 63, west of Denver, Iowa. The three-span concrete 
girder bridge was 161 ft x 40 ft, with a skew of 2º29’52”. The approach slab used both precast and 
cast-in-place shoulder sections. The study aimed to evaluate the performance of approach slabs 
along with determination of forces that should be considered during the design of IAB approach 
slabs.  Each approach slab consists of eight 12 in. thick precast prestressed panels, except at the 
abutment where the thickness was reduced to 9.5 in. The four panels at the bridge end of the 
approach slab are trapezoidal with while the ones at the pavement end are rectangular and doweled 
to the pavement. The approach slab was monitored using 32 sensors (24 strain gauges and 8 
displacement transducers) to record the variation of strain in the approach slab along with the 
relative movement of approach slab joints. The approach slab dimensions and instrumentation 





Figure 2.8 Instrumentation plan used for bridge on U.S. 63 Denver, Iowa (Nadderman and 
Greimann 2010) 
 
The research team defined load strain as the strain caused in the concrete by an applied load or 
restraints to expansion and calculated it by subtracting the strains caused by thermal 
expansion/contraction of the slab from the total strain observed at the sensors. They observed that 
as the temperature decreases, the load strain observed in the slab increases, such that the load strain 
moves towards compression in summer season and tension in winter. The load strains vs. time 





Figure 2.9 Load strain with respect to time for instrumented bridge (Nadderman and 
Greimann 2010) 
 
The average load strain was calculated by averaging the load strains at each of the working sensors, 
which was in turn used to calculate the average slab force. This was plotted against average 
temperature of the slab and it was observed that the average slab force follows a cyclic pattern. 
The change in force in the slab ranged from -1166 kips in the summer to 2996 kips in the winter 
(where tension is negative), showing significant forces applied due to live load and constraints 
from the boundary conditions. 
             
(a)                                                                    (b) 
Figure 2.10. (a) Average slab force with respect to average temperature; (b) Legend 





Penn State University Study 
Researchers instrumented 4 IABs along with a weather station in central Pennsylvania and then 
monitored the bridges over a period of seven years (from 2002-2009) in order to record the long-
term behaviour of the IABs. Details of the instrumented bridges are given in Table 2.1. The study 
archives long-term IAB response data and trends for abutment displacement, backfill pressure, 
abutment rotation, girder rotation, girder bending moment, girder axial force, pile moment, pile 
axial force, and approach slab strains. 
 
Table 2.1 Details of Bridges instrumented (Kim and Laman 2014) 
 
 
For the purpose of this study we can focus on the approach slab strain data and trends. The 
researchers observed that approach slab strain decreases initially (by approximately 100 µε), likely 
caused by the actions of creep and shrinkage. This decrease in strain was not recovered, however 
as the time went by the compressive strains decreased, as seen especially prominently for Bridge 
203, which was designed and constructed following AASHTO specifications and has only one end 
of the bridge with an integral abutment. This phenomenon was much less pronounced in other 
bridges with both sides having integral abutments. Approach slab strains for the 4 bridges are 





Figure 2.11 Approach slab strains near abutment 2: (a) bridge 109; (b) bridge 203; (c) 
bridge 211; (d) bridge 222 (Kim and Laman 2014) 
 
University of Illinois Study 
The structural response of IAB superstructures and substructures was studied at the University of 
Illinois (LaFave et al. 2016, 2017). The field monitoring program included collecting data about: 
(a) global bridge movements; (b) pile, deck, girder, and approach-slab strains; and (c) rotations at 
different abutment interfaces. The superstructure and substructure of the Union Pacific Railroad 
(UPRR) and Kishwaukee River bridges (I-90 mainline bridges), were instrumented with strain 
gauges on girders and piles, tiltmeters, and displacement transducers.  The instrumentation plan 






Figure 2.12 Instrumentation plan for Kishwaukee River Bridge (LaFave et al. 2017) 
 
Displacement transducer data showed that the change in length of the joints followed a linear trend 
with respect to the temperature of the slab, as seen in Figure 2.13. The approach slab-transition 
slab interface showed the largest displacement magnitudes, as expected, as it is the location of the 
expansion joint where relative displacements are intended to occur. The data can be observed to 
follow distinct lines with almost the same slope but a significant shift, which happened after a full 
year of data collection. This was attributed to the bridge overcoming some resistance and thus 
closing the joint to a new permanent displacement. The other end of the slab (at the abutment) 
showed a much lower magnitude of relative displacement, which was expected due to reinforcing 
steel continuity across this construction joint. 
 






The strain developed in the approach slab was observed to be highly correlated to the temperature 
variation, which follows the findings of previous studies covered in this chapter. The variation of 
strain with change in temperature shown in Figure 2.14. 
 
Figure 2.14 Variation of approach slab gauge strain and temperature with time for 
Kishwaukee (LaFave et al. 2017) 
 
The slab was assumed to be in the elastic regime, and using the recorded strains the load related 
stresses were calculated for the approach slab. The stress was observed to follow a different trend 
for the first four months of data collection. This was attributed to the construction activity. In 
subsequent months, the data followed a linear trend with change in temperature. However, the 
slope of the stress vs. temperature plot decreased after each summer. The decrease in slope 
signified the approach slab becoming less constrained, likely due to soil settlement causing a 
friction reduction beneath the slab (LaFave et al. 2017). Figure 2.15 shows the stress calculated in 





Figure 2.15 Kishwaukee River Bridge approach slab stress with respect to change in 





















20 sensors of various 
types: strain gauges, 
thermistors, dynamic 
strain gauges, pressure 
cells, settlement sensors 
and deformation sensors 
placed in critical areas.  
 
Data collected for a year 
Initial drop in strains 
observed, caused by 
shrinkage. 
 
After the initial drop, strain is 













approach slab : 
77 ft long 
 
Cast in place 
slab: 30 ft long 
 
Skew for both  
the slabs : 30º 
Embedded strain gages 
placed in the approach 
slab along with deck and 
piles 
 
Displacement  transducers 
placed at each joint in the 
precast slab  
 
Data collected for a year 
Along with the long term 
cycle, stress developed in the 
slabs also follows short-term 
cycles, attributed to friction 
ratcheting. 
 
Negligible movement in joint 
on the abutment side and 
between the panels of precast 
slab. Expansion joint 
movements highly related to 
temperature with maximum 






using 8 12 in 
precast panels 
and one 9.5 in 
one with skew 
of about 
2º29’52”. 
Embedded strain gages 
placed towards the 
boundaries of the slab. 
 
Displacement transducers 
placed at each corner of 
the slab 
Load caused by restraints was 
defined and observed to be 
tensile in Winter and 
compressive in Summer 
season. 
 
Average Slab force was 
defined and observed to have 






















Instrumented the bridge 
to find abutment 
displacement, backfill 
pressure, abutment 
rotation, girder rotation, 
girder bending moment, 
girder axial force, pile 
moment, pile axial force 
and approach slab 
strains. 
 
Data collected for 7 
years. 
 




For IAB approach slab, the 
strain follows the change in 
temperature and does not 
recover the initial change.  
However, for bridge with 
one end fixed instead of 
integral, the compressive 
strain was recovered by the 






skew of 30º  
6 embedded strain gages 
placed uniformly in the 
slab 
4 displacement 
transducers at each 
corner of the slab 
The change in length of the 
joints at the ends of 
approach slab follow a 
linear trend with respect to 
the temperature of the slab. 
 
Strain highly dependent on 
temperature. 
 
The slope  of strain vs 
temperature decreases each 
summer, caused by removal 







2.2 Numerical Modelling 
 
Rutgers University Study 
Researchers at Rutgers (Nassif et al 2007) aimed to find the possible causes of cracking, the 
location of cracks, and factors influencing crack development in approach and transition slabs. A 
3-D model was developed using typical NJ specifications with the approach slab shaped like a 
parallelogram with a length of 25 ft and a width of 12 ft. The transition slab is modeled as a 
trapezoid with a smaller base of 30 ft and a width of 12 ft. The reinforced concrete slab is modeled 
using a four-noded, reduced integration shell element (S4R). The soil underneath the approach and 
transition slab is modeled using Spring 1 type elements (linear elastic springs with constant 
stiffness) and the boundary condition at abutment and approach slab are taken as simply supported, 
as shown in Figure 2.16. The soil was assumed to be silty medium dense sand with a stiffness of 
25000 KN/cum. Figure 2.17 shows the plan view of the spring elements in the FE model. 
 
Figure 2.16 An isometric view of the edge springs for soil-structure interaction 
 
Figure 2.17 The spring elements representing soil-structure interaction 
 
The slab was subjected to multiples of HS-20 bridge design truck loading, which has three axles 




load for first cracking is 1.66 times the HS-20 design truck, but it increases to 4.3 times the design 
truck load if the truck exits the bridge. It was found that thicker slab helps increase the strength of 
the slab, so a heavier load is required to crack the approach slab. Additionally, since the slab is 
skewed, the distribution of the axle loads is uneven. And the pinned connection at the edge of 
approach slab prevents any displacement along the edge, increasing the strength in this region.   
 
The effects of skew angle were also examined in the study. For the same loading conditions and 
at the same location, a skewed approach slab has higher tensile stresses than a straight slab. 
Parametric study for skewed slabs showed that 1) increasing the concrete compressive strength 
increases the cracking load capacity, but not very efficiently; 2) increasing the steel reinforcement 
yielding stress or area has no effect on neither cracking load capacity nor the stresses in the critical 
elements; 3) increasing the thickness of approach slab is an effective way to improve the cracking 
load capacity. 
 
Louisiana State University\Study 
The study conducted by researchers at Louisiana State University (Cai et al. 2005) focused on the 
3-D finite element analysis of approach slabs. For the purpose of this study 20, 40, and 60 ft long 
approach slabs were studied. The width of the slab is 40 ft. A sleeper slab, which provides an 
additional transition to the roadway pavement, as shown in the Figure 2.18, is used in this model 
to minimize the possibility of differential settlement at the approach slab-roadway interface. The 
dimension of the embankment and natural soil L5, W2, and H5 are determined through a finite 
element analysis particularly to reduce the sensitivity of the approach slab analysis to these 
parameters. For the sensitivity analysis, two truckloads on two lanes and slab self-weight were 
applied to the approach slab and values of L5, W2 and H5 (see Figure 2.18) were found so that the 






Figure 2.18 Sketch of bridge abutment (Cai et al. 2005) 
 
The 3-D finite element model was developed as shown in Figure 2.19. Eight-node hexahedron 
elements (ANSYS Solid 45) were used to form the finite element mesh. A contact and target pair 
surface element were used to help simulate the real interaction between slab and soil The dead 
load (DL) was applied first, and the dead load and live load were applied together. It was reported 
that the deflections and internal moments of beam, and reaction of the beam at the sleeper beam 
corresponding to maximum moment increase with the increase of the embankment settlement. The 
boundary condition of the slab changes from “fully supported across the span” to “simply 
supported”. Figure 2.20 shows the distribution of the coefficient for maximum bending moments 






Figure 2.19 Typical finite element mesh (Cai et al. 2005) 
 
 
Figure 2.20 Coefficient curves for maximum moments (Cai et al. 2005) 
 
University of Missouri-Columbia Study 
The study conducted by the researchers at University of Missouri-Columbia focused on the 
development of equations for the uniaxial and biaxial bending behavior of a slab on elastic soil 
support. The wash-out of soil, which is similar to void development, was considered in the research.  
The approach slab was modeled as a 38 ft x 25 ft plate and discretized into 0.5 ft x 0.5 ft elements. 
Figure 2.21 shows the approach slab model. For simply supported edge, bending moment 
perpendicular to the edge and displacement are zero; for a soil supported edge, bending moment 





Figure 2.21 The approach slab model (Ma 2011) 
 
Lane load, design truck and design tandem in AASHTO specification were used. Two tandem 
loads were applied because there were two lanes in the slab (Ma 2011). Two kinds of soil washout 
were considered: strip washout simulating a strip through the width of the slab and circular 
washout simulating localized voids, which have been observed at many approach slab sites. It was 
concluded that finite difference method could effectively analyze the behavior of approach slab 
with unsymmetrical cases and washouts. The uniaxial bending solutions are generally more 
conservative when compared to biaxial bending. Finite element analysis of approach slabs was 
conducted in the study using SAP 2000.  
 
In another study (Thiagarajan et al. 2010) the researchers used 3-D FE analysis to come up with 
structural solutions for approach slabs for typical approach slab specifications in state of Missouri. 
The typical approach slab in the state of Missouri is 25 ft long, 12 in thick. The total width of the 
slab model was 38 ft, including 2-12 ft lanes, 4 ft wide inside shoulder, and 10 ft wide outside 
shoulder. Simple support, slab on grade, and washout boundary conditions were considered. No 
sleeper beam with full slab on grade support was also considered. Figure 2.22 shows the detailed 





Figure 2.22 Model matrix (Thiagarajan et al. 2010) 
 
A very poor soil condition with subgrade modulus of 18.4 lb/in3 was selected. The loading of the 
model was based on AASHTO LRFD specifications. The design truck with three axles and gross 
weight of 72 kips was considered along with the design lane load. The tandem load was also 
considered along with the lane load. The design truck was 6 ft wide, and the distance between front 
axle and middle axle was 14 ft. The distance between the middle axle and the rear axle was 
considered as 14 ft as the span of approach slab modeled was either 20 ft or 25 ft. The loading has 
been applied in steps with three design trucks entering the slab at the slab-pavement end and then 






Figure 2.23 Load locations for maximum bending moment for simply supported slab 
(Thiagarajan et al. 2010) 
 
It was reported that the maximum deflection at the center for Standard Missouri approach slab is 
0.63” for simply supported case whereas the maximum deflection of modified Missouri approach 
slab is 0.68”. It can be found that Idaho slab deflection was found to be 0.36” for simply supported 
condition. The maximum deflection value for slab on grade with given percentage of voids was 
observed to be 0.3”. The maximum moment for simply supported condition was observed to be 
134.52 kips•ft per feet for the standard MO-BAS. Whereas the maximum moment for slab on 
grade option was found to be 63.15 kips•ft per feet. For all the models, the rebar bottom and rebar 
top stresses are observed to be much lower than the yield limits of the reinforcement. The values 
for concrete and rebar stresses for slab on grade conditions seemed to be lower than that of simply 
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12 in was recommended to be 
optimal design configuration. 
 
Pretensioned precast approach 
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Missouri 
used. (20 to 










Loading done using 
HL92 truck. 
For all the models, the rebar 
bottom and rebar top stresses are 
observed to be much lower than 
the yield limits of the 
reinforcement. 
 
Deflection of slab in simply 
supported conditions is about 0.63 
in while that in case of slab on 










CHAPTER 3: BRIDGE DESCRIPTION AND INSTRUMENTATION DETAILS 
The details of the two instrumented bridges as well as the data acquisition scheme are presented 
in the chapter. The instrumentation consists of a variety of sensors all of which are discussed in 
detail in the following sections. 
 
3.1 Bridge description 
Approach slabs at two mainline IABs on I-390 in Itasca, IL were instrumented for long-term strain 
and global movement monitoring. The Eastbound-West (EB-W) approach slab of the I-390 Bridge 
over Arlington Heights Road and Eastbound-East (EB-E) approach slab of the I-390 Bridge over 
Prospect Avenue were chosen. Details of the bridge and approach slab geometry are given in Table 
3.1. 
Table 3.1 Bridge and approach slab details 
 Arlington Heights Road Prospect Ave. 
Spans 129’-11 ¼” 124’-6” – 103’-1” (West to East) 
Total Length 133’-8 1∕8” 227’-7” 
Width 100’-8 ¼” at approach slab Varies 66’-10” to 67’-3 3∕8” 




Slab Thickness 15” 16” 
Slab Length 30’ 30’ 
Expansion Joint 
3” opening at transition slab 
side 
2.5” opening at transition slab 
side 
Support at Exp. 
Joint 
Pile bent under the slab Pile bent under the slab 
 
 
3.2 Approach Slab Description 
The EB-W approach slab of the I-390 Bridge over Arlington Heights Road was selected for 




of seven sections: North Shoulder (NS), Lane 1 (L1), Lane 2 (L2), Lane 3 (L3), Gore (G), Ramp 
(R), and South Shoulder (SS). Concrete for all sections of the slab is poured integrally.  
 
Figure 3.1 Instrumented EB-W approach slab at Arlington Heights Road 
 
The EB-E approach slab of the I-390 Bridge over Prospect Avenue was also selected for 
instrumentation; the location of the slab is highlighted in Figure 3.2. The precast approach slab 
consists of 5 panels: North Shoulder (NS), Lane 1 (L1), Lane 2 (L2), Lane 3 (L3), and South 
Shoulder (SS). The slab is constructed with 5 precast concrete sections connected with tie bars 





Figure 3.2 Instrumented EB-E approach slab at Prospect Avenue 
 
3.3 Instrumentation Goals 
The instrumentation aims to develop an understanding of global approach slab behavior, which 
includes the stresses developed in the slab at different positions, especially near the ends of the 
slabs, as well as global approach slab movement. In order to gain insight into approach slab 
stresses, the strains incurred in the slabs are measured with more sensors dedicated to the 
boundaries of the slabs. Global movement of the slabs was characterized by measuring relative 







3.4 Equipment Description 
Based on the performance of similar instruments (from Geokon, Inc.) used in a previous IAB 
project (LaFave et al. 2016), all instruments and data acquisition equipment in this project were 
procured from Geokon, Inc. as well. The basic specifications of the instruments used, such as 
model number, range, resolution, and accuracy, are tabulated in Table 3.2.  
 




Range Resolution Accuracy 
Vibrating Wire (VW) Strain 
Gage 
4200 3000 με 1.0 με +/- 0.5% 
Displacement Transducer 4420 +/- 6” 0.025% +/- 0.1% 
Displacement Transducer 4420 +/- 3” 0.025% +/- 0.1% 





Can connect 16 instruments with 
temperature reading 
Multiplexer 8032-32 




3.5 Instrumentation Layout 
3.5.1 Gage Orientations 
The embedded gages were installed in 3 different configurations – namely, longitudinal top (T), 
longitudinal bottom (B), and transverse top (R).   A longitudinal top gage is installed at the top mat 
of reinforcement under a longitudinal reinforcing bar; a longitudinal bottom gage is installed at the 
bottom mat of reinforcement above a longitudinal reinforcing bar; a transverse top gage is installed 
at the top mat of reinforcement under a top transverse rebar. In this study, four possible 






Figure 3.3. Symbol of four gage location combinations 
A red diamond combination includes one top longitudinal gage, one bottom longitudinal gage, and 
a transverse gage at the top. There is one top longitudinal gage and one bottom longitudinal gage 
in a red triangle combination. The blue triangle configuration consists of a top longitudinal gage 
and a transverse gage. The circle indicates the installation of one longitudinal top gage. Figure 3.4 
shows the cross-sectional views for each of the four gage combinations.  
 
 
Figure 3.4. Gage combination configurations 
 
a) Red diamond gage combination 
b) Red circle gage combination c) Red triangle combination 
combination 




3.5.2 Sensor Locations 
Forty-three vibrating wire embedded strain gages from Geokon Inc. were installed in the 
eastbound-east approach slab on the bridge over Arlington Heights Road. The layout of the gages 
is shown in Figure 3.5. Strain gages were placed along two longitudinal lines in the NS and SS 
sections and one longitudinal line in the L1, L2, L3, G, and R sections. The longitudinal lines in 
each section were at either approximately the third points or the middle point of the section width. 
For each longitudinal line, the gages were placed approximately at the quarter points along the 
length of the slab, numbered from 1 to 3 beginning from the west side of the slab to the east side 
of the slab. A displacement transducer was installed at each corner of the approach slab (4 in total), 
and the data acquisition instruments were mounted on two posts at the north side of the slab.  
Similarly, for the approach slab at the bridge over Prospect Avenue forty-four vibrating wire 
embedded strain gages from Geokon Inc. were used to monitor strains in the slab. These were used 
in all 5 panels of the approach slab, and the detailed layout of the gages are shown in Figure 3.6. 
Strain gages were placed along two longitudinal lines in the NS and SS panels and one longitudinal 
line in the L1, L2, and L3 sections. The longitudinal lines in each section were at either 
approximately the third points or the middle point of the section width. For each longitudinal line, 
the gages were placed approximately at the 1/5th points along the slab length, numbered from 1 to 
4 beginning from the west side of the slab to the east side of the slab. A displacement transducer 
was installed at each corner of the approach slab.  
In addition, the selection of certain sensors to read temperature can capture the difference in 
temperature between the expansion joint and construction joint. The north and south displacement 
transducers at the abutment side of the slab were selected to measure the temperature outside the 
concrete (assumed as ambient temperature on both sides of the slab). All sensors selected to record 




        
Figure 3.5. Instrumentation plan for approach 
slab at Arlington Heights Road 
Figure 3.6. Instrumentation plan for 
approach slab at Prospect Avenue 
 
Naming Convention for Sensors 
The naming convention for each gage location follows the rule of “panel-longitudinal line (row 
number in the layout)-longitudinal position (column number in the layout)-T/R/B.” For example, 
NS-1-3T means the embedded gage located in the north shoulder, on the first longitudinal line 
(row 1), in the third longitudinal position (column 3) and attached to the top mat of reinforcement 
in the longitudinal direction (as shown in Figures 3.5 and 3.6). The displacement transducers were 
named according to the direction of the corner where they are installed followed by CM (for 
crackmeter). Thus, the displacement transducer at the northeast corner of the slab is represented as 
































Table 3.3 Instrument details for cast-in-place slab 
Location Instrument ID Type Remarks 
North 
Shoulder 
NS-1-1T VW strain gage  
NS-1-1B VW strain gage  
NS-1-1R VW strain gage  
NS-1-2T VW strain gage Temperature data recorded as well 
NS-1-2B VW strain gage Temperature data recorded as well 
NS-1-3T VW strain gage  
NS-1-3B VW strain gage  
NS-1-4T VW strain gage  
NS-1-4B VW strain gage  
NS-1-4R VW strain gage  
NS-2-3T VW strain gage  
NE CM Crackmeter Temperature data recorded as well 
NW CM Crackmeter  
Lane 1 
L1-3-1T VW strain gage Temperature data recorded as well 
L1-3-2T VW strain gage  
L1-3-2B VW strain gage  
L1-3-3T VW strain gage Temperature data recorded as well 
Lane 2 
L2-4-1T VW strain gage Temperature data recorded as well 
L2-4-1R VW strain gage  
L2-4-2T VW strain gage  
L2-4-2B VW strain gage  
L2-4-3T VW strain gage  










Table 3.3 cont. 
Lane 3 
L3-5-1T VW strain gage Temperature data recorded as well 
L3-5-1B VW strain gage  
L3-5-2T VW strain gage  
L3-5-2B VW strain gage Temperature data recorded as well 
L3-5-3T VW strain gage Temperature data recorded as well 
L3-5-3B VW strain gage  
Gore 
G-6-2T VW strain gage Temperature data recorded as well 
G-6-2B VW strain gage  
G-6-2R VW strain gage  
Ramp 
R-7-1T VW strain gage Temperature data recorded as well 
R-7-1R VW strain gage  
R-7-2T VW strain gage  
R-7-2B VW strain gage  
R-7-3T VW strain gage Temperature data recorded as well 
R-7-3R VW strain gage  
South 
Shoulder 
SS-8-1T VW strain gage  
SS-9-1T VW strain gage  
SS-9-1B VW strain gage  
SS-9-1R VW strain gage  
SS-9-2T VW strain gage  
SS-9-2B VW strain gage Temperature data recorded as well 
SS-9-3T VW strain gage  
SS-9-3B VW strain gage  
SS-9-3R VW strain gage  
SE CM Crackmeter Temperature data recorded as well 













NS-1-1T VW strain gage  
NS-1-1B VW strain gage  
NS-1-1R VW strain gage  
NS-1-2T VW strain gage  
NS-1-2B VW strain gage  
NS-1-3T VW strain gage  
NS-1-3B VW strain gage  
NS-1-3R VW strain gage  
NS-2-1T VW strain gage Temperature data recorded as well 
NS-2-1B VW strain gage Temperature data recorded as well 
NS-2-2T VW strain gage  
NS-2-3T VW strain gage  
NS-2-4T VW strain gage Temperature data recorded as well 
NS-2-4B VW strain gage Temperature data recorded as well 
NS-2-4R VW strain gage  
NE CM Crackmeter  
NW CM Crackmeter Temperature data recorded as well 
Lane 1 
L1-3-1T VW strain gage Malfunctioned, no data available 
L1-3-1R VW strain gage  
L1-3-4T VW strain gage Temperature data recorded as well 
L1-3-4R VW strain gage  
Lane 2 
L2-4-2T VW strain gage Temperature data recorded as well 
L2-4-2B VW strain gage Temperature data recorded as well 
L2-4-4T VW strain gage  






Table 3.4 cont. 
Lane 3 
L3-5-1T VW strain gage Temperature data recorded as well 
L3-5-1R VW strain gage  
L3-5-3T VW strain gage  
L3-5-3R VW strain gage  
South Shoulder 
SS-6-1T VW strain gage Temperature data recorded as well 
SS-6-1B VW strain gage Temperature data recorded as well 
SS-6-2T VW strain gage  
SS-6-3T VW strain gage  
SS-6-4T VW strain gage Temperature data recorded as well 
SS-6-4B VW strain gage Temperature data recorded as well 
SS-7-1T VW strain gage  
SS-7-1B VW strain gage  
SS-7-1R VW strain gage  
SS-7-2T VW strain gage  
SS-7-2B VW strain gage  
SS-7-3T VW strain gage  
SS-7-3B VW strain gage  
SS-7-4T VW strain gage  
SS-7-4B VW strain gage  
SS-7-4R VW strain gage  
SE CM Crackmeter  





VW strain gage Temperature data recorded as well 
 
3.6 Installation Details 
3.6.1 Temperature Beam 
Two temperature compensation beams were fabricated as the bridges were constructed, as shown 
in Figures 3.7 and 3.8. The 6 in. × 6 in. × 30 in. beams have both a longitudinal bottom #8 bar, 




strain sensor mounted on the reinforcement to record the strain and temperature of the beam. These 
beams were used to estimate the coefficient of thermal expansion of both of the slabs. 
  
Figure 3.7 Temperature beam with 
embedded gage and reinforcement bars. 
Figure 3.8 The temperature 
compensation beams being cast. 
 
3.6.2 Strain Gage installation 
Both cast-in-place and precast approach slabs were instrumented with embedded strain gages 
having top, bottom, and transverse orientations, as indicated in Figure 3.9. In order to affix the 
gages in the desired positions, they were mounted with the help of stackable chairs from Polylok 
Inc., as shown in Figure 3.10. 
 
 
Figure 3.9 Plastic chairs used in all 
three gage locations at NS-1-4. 
 
Figure 3.10 Close up of T, B and R 
configurations 
 
3.6.3 Displacement Transducers 
Four displacement transducers were installed on each bridge – one at every corner. These 











using groutable anchors on both ends of the sensor. One end should be mounted onto the approach 
slab, whereas the other end should be mounted onto the transition slab or the abutment, which was 
achieved at most of the locations. Cover plates were used to keep these sensors from any physical 
damage, as shown in Figure 3.11 and 3.12. A gap between the two plates allows them to move 
freely with respect to one another as the slab expands or contracts. However, due to the actual 
condition of each corner of the slabs, the following modifications were made: 
 At the North side of the approach slab for the Arlington Heights Road bridge, asphalt was 
used to construct the transition slab instead of concrete. Therefore, the displacement 
transducer (6 in. range) at the northwest end was anchored to the slab and the pile bent. 
 At the southwest corner of the slab for Arlington Heights Road Bridge, the approach slab 
was not accessible for instrumentation. Therefore, the displacement transducer was 
anchored at the barrier of the approach slab and moment slab. 
 
    
Figure 3.11 Installation of NW 
displacement transducer (Arlington 
Heights Road) 
Figure 3.12 Cover plates of NW 
displacement transducer (Arlington 
Heights Road) 
  
3.6.4 Data Collection and Transmission 
A datalogger, two multiplexers, and a solar panel were installed on posts at each bridge, using the 
same installation plan for both slabs. Two multiplexers were mounted below the datalogger, which 
was under the solar panel. The terminal boxes were mounted on three pieces of 2 in. by 8 in. 
pressure-treated lumber, as shown in Figures 3.13 and 3.14. The solar panel was installed at the 
top of one post, with the tilt of the panel set to be approximately equal to the latitude at the location 








compensation beam was placed on top of gravel between the posts at each bridge. All wires were 
connected to two multiplexers based on the selection of certain sensors to also provide temperature 
readings. The modem for remote communication was installed in the datalogger box, as shown in 
Figures 3.15 and 3.16. 
             
Figure 3.13 The multiplexer, datalogger, 
solar panel and temperature beam at 
Arlington Heights Road 
Figure 3.14 The multiplexer, datalogger 
at Prospect Avenue 
 
  
                                           
 
Figure 3.15 Inside of the datalogger after 
modem was installed at Arlington Heights 
Road. 
Figure 3.16 Inside of the datalogger after 














CHAPTER 4: FIELD MONITORING RESULTS 
4.1 Approach Slab Temperature 
Since the strains in an IAB approach slab are affected by the temperature change in the slab 
(LaFave et al. 2016), temperatures in both monitored slabs were recorded at 15 strain gage 
locations, where sensors with both strain and temperature gaging capabilities were installed.  In 
addition, temperatures were recorded at strain gages placed in the supplementary beams located at 
both bridges (referred to as “temperature beams”). The ambient temperature near the bridges was 
also monitored using the NOAA weather database. The station selected for this was Chicago 
O’Hare International Airport, located approximately 10 miles east of the bridges.  
The data indicate that the temperatures obtained from the sensors track well with the ambient 
temperature from O’Hare Airport, as shown in Figures 4.1 and 4.2. For the cast-in-place approach 
slab at Arlington Heights Road, the temperature beam temperature did not track well with the data 
obtained by other sensors from roughly January to March 2018, as it was accidentally buried in 
the ground. However, after the beam was uncovered, its temperature reading started to again track 
well with the other sensors (as well as with ambient temperature). For the instrumented approach 
slab at Prospect Avenue, all data collection was interrupted for approximately one month (May to 
June 2018), but successful collection was subsequently resumed.   
 
 





Figure 4.2 Temperatures recorded by all the sensors for bridge at Prospect Avenue 
 
Temperatures recorded from top and bottom strain gages are observed to be similar as well. 
However, the temperatures from top gages were observed to change more drastically when the 
ambient temperature changed, as shown in Figure 4.3. Thus, during hot weather the temperatures 
recorded by top gages are slightly higher than those recorded by bottom gages, and vice versa 
during cold weather, as can be seen in Figure 4.4. 
 
 





Figure 4.4 Top and Bottom Gage Temperature at Arlington Heights for North and South 
Shoulders 
 
Average slab temperature was calculated by averaging the temperature recorded by all the 
temperature gages. The average temperature thus obtained was validated using the data from 
O’Hare International Airport, and it was observed that the average temperatures track closely to 
the weather station temperature. However, the average slab temperature lags slightly in time 
compared to the station data and does not reach as extreme of magnitudes as the station data. The 
average temperatures for both the slabs, along with temperature obtained from the weather station, 
are shown in Figure 4.5.   
 





4.2 Coefficient of Thermal Expansion 
The coefficient of thermal expansion was calculated using the strain and temperature readings 
obtained from the temperature beams for both bridges. Strain was plotted against temperature (as 
shown in Figure 4.6) and the slopes of the plots were calculated, which gives the thermal expansion 
coefficient. The coefficients obtained for the temperature beams at Arlington Heights Road and 
Prospect Avenue were 8.28 µε/ºC and 9.23 µε/ºC, respectively. These results agree reasonably 
well with the commonly-accepted thermal expansion coefficient of concrete, which is 10 µε/ºC. 
   
(a)                                                                                (b) 
Figure 4.6 Strain gage readings at temperature beam plotted against temperature for: (a) 
Arlington Heights Road; (b) Prospect Avenue 
 
4.3 Approach Slab Strains 
Strain readings for all slab gages were collected every 10 minutes. This interval was decreased to 
2 minutes during static load testing and then restored after completion of those tests. The raw data 
that was obtained was post-processed to estimate the change in strain with respect to a reference 
day (taken here as October 28th, 2017) due to thermal effects as well as live loads and restraints 
caused by boundary conditions. This thesis covers the first year of data monitoring, from October 
29, 2017 to November 12, 2018. Reliable data was collected from the approach slab at Arlington 
Heights Road, with the exception of one sensor (L1-2-4B) that abruptly stopped recording data 
during the data collection period. For Prospect Avenue, data collection was interrupted for about 
a month during the summer season before a damaged circuit board in the data acquisition system 
was replaced. The sensor at L1-3-1T stopped collecting strain and temperature data during data 




for both the precast and cast-in-place approach slab are shown in Figures 4.7 and 4.8. Strain in this 
context refers to strain in the longitudinal direction, unless stated otherwise. 
 
Figure 4.7 Raw data obtained from cast-in-place slab at Arlington Height Road 
 
 




4.3.1 Actual Strains  
Actual strain is defined as the strain (change) observed in the slab due to the combined effects of 
all the conditions in the slab. The actual strains were calculated from the raw data of the gages 
using the formula given as: 
µ𝑎𝑐𝑡𝑢𝑎𝑙 = (𝑅1 − 𝑅0)𝐵 + (𝑇1 − 𝑇0)𝐶1  
where: 
R0 is the initial strain gage reading;  
R1 is the current strain gage reading;  
B is the batch gage factor supplied by Geokon; 
T0 is the initial temperature; 
T1 is the current temperature; and 
C1 is the coefficient of thermal expansion of steel (12.2 µε/ºC). 
This correction to get actual strain from raw measured strain accounts for the change in length of 
the vibrating wire within the strain gage.  
Lane-wise variation of actual strains 
The actual strain change for both the cast-in-place (Arlington Heights Rd.) and precast (Prospect 
Ave.) slab was observed to be directly influenced by the change in temperature, as the strain 
variation in both slabs tracks well with temperature change, which can be readily observed in 
Figures 4.9 and 4.10 respectively. Tensile strain is represented as positive, while compressive 
strain is presented as negative, in the figures.  Actual strain was observed to become more 
compressive as the temperature decreased, and vice versa. This trend was consistent for top 
longitudinal, bottom longitudinal, and transverse gages. It suggests that bending stresses are less 
significant than thermally-induced stresses, as strains in the top and bottom reinforcement layers 
exhibit approximately the same behavior (both in tension or compression). Magnitudes of strain at 
corresponding locations were observed to be similar for the two approach slabs as well, with the 
exception of the sensor located at SS-9-3R (Figure 4.9 g), which showed a sudden jump in strain 
after the initial data collection period. No evidence of physical phenomenon was observed to cause 
such a change in strain at this location, and thus the change can be attributed to initial spurious 
readings.  From Figure 4.9, it can also be observed that the sensor at L1-3-2B malfunctioned during 
the summer of 2018, as it recorded high compressive strain after summer 2018 and then changed 





(a)                                                                                     (b) 
 
(c)                                                                                     (d) 
 
(e)                                                                                     (f) 
 
Figure 4.9 Strain variation with time for approach slab at Arlington Heights: (a) North 











(a)                                                                                    (b) 
 
Figure 4.10 Strain variation with time for approach slab at Prospect Avenue: (a) North 
Shoulder-1; (b) North Shoulder-2; (c) Lane 1; (d) Lane 2; (e) Lane 3; (f) South Shoulder-6; 






(c)                                                                                     (d) 
 




Figure 4.10 cont. 
 
Variation of strains with respect to slab temperature 
The actual strain was observed to vary linearly with respect to slab temperature for most of the 
sensors for both the cast-in-place and precast approach slabs as shown in Figure 4.11.  The 




strain is taken as positive, while a negative sign represents compressive strain. It can be clearly 
observed that, along with having a general linear trend with temperature, the actual strains also 
have smaller daily cycles with slopes slightly different from the general trend. 
  
(a)                                                                               (b)  
Figure 4.11 Typical strain vs. temperature response for: (a) cast-in-place slab (e.g L3-5-1T); 
(b) precast approach slab(e.g. L3-5-4T) 
 
        
(a)                                          (b) 
Figure 4.12 Sensor locations exhibiting a linear trend with temperature for (a) cast-in-place 




However, some of the locations on both slabs were observed to behave differently than the 
behavior shown in the figure. This phenomenon is assumed to be due to restraint and live loading 
effects, and thus is discussed in detail in the subsequent sections.  
 
Strain profiles of approach slabs on hottest and coldest days 
Along with the local response at each sensor, spatial variation of strain in the slabs was studied to 
get comprehensive details about slab behavior. Especially for IAB approach slabs, there is a lack 
of information about the behavior near the abutment end.  To study this, the strain variations along 
the abutment and transition joint were plotted for the hottest and the coldest days of the year. Table 
4.1 provides details of the dates and temperatures considered in this section. In each of the figures, 
lanes are marked using dashed red lines for ease of understanding. 
 
Table 4.1 Dates and Temperatures during Hottest and Coldest data points 
 Date Temperature (ºC) Remark 
Arlington Heights Rd. 
14-Jul-2019 17:50:00 37.10 Hottest data point 
31-Jan-2019 08:40:00 -19.755 Coldest data point 
Prospect Ave. 
14-Jul-2019 18:00:00 36.39 Hottest data Point 
31-Jan-2019 08:40:00 -19.36 Coldest data Point 
 
Cast-in-place Slab (Arlington Heights) 
Figures 4.13 and 4.14 give the strain variation at the top and bottom layers of reinforcement in the 
cast-in-place slab for the hottest and coldest days, respectively. It can be observed that along the 
transition slab end (Figure 4.13) the highest strain in the top layer is along the South Shoulder, 
while the traffic bearing lanes have similar strain values to each other. The strain at the North 
Shoulder and South Shoulder were found to be close in magnitude, which is attributed to the 
proximity of similar boundary conditions. For the bottom layer (Figure 4.14), strains for only the 
North Shoulder, Lane 3, and South Shoulder were recorded. It was observed that the strains at the 




     
(a)                                                                           (b) 
Figure 4.13 Actual strains along the transition slab end of the cast-in-place slab (hottest 
day): (a) top layer sensors; (b) bottom layer sensors 
Strain variation along the sensors close to the transition slab (Figure 4.14) during the coldest day 
shows a similar trend, but the magnitude of strain change is higher than that on the hottest day. 
The difference between the strain observed at a location at each time shown is higher for the top 
layer sensors than the bottom layer ones, which is attributed to lower temperature variation with 
time at the bottom layer (as shown in Figure 4.3). 
  
(a)                                                                         (b) 
Figure 4.14 Actual strains along transition slab end of cast-in-place slab (coldest day): (a) 
top layer sensors; (b) bottom layer sensors 
For the abutment end of the approach slab on the hottest day (Figure 4.15), the maximum tensile 
strain is observed in the Ramp, while the least strain is observed in Lane 2. However, unlike at the 
other end of the slab, the North and South Shoulder strains are not close in magnitude, exhibiting 
higher tensile strains near the South Shoulder. This suggests unsymmetrical boundary conditions 
 NS      L1    L2    L3     G      R       SS  NS      L1    L2    L3     G      R       SS 




at this end. The bottom layer shows a similar difference in strain at the North and South Shoulders, 
with the North Shoulder being more tensile than the South Shoulder. 
   
(a)                                                                   (b) 
Figure 4.15 Actual strains along the bridge abutment end of the cast-in-place slab (hottest 
day): (a) top layer sensors; (b) bottom layer sensors 
On the coldest day observed, all the strains were compressive in nature (as opposed to all tensile 
in the case of a hot day). For the top longitudinal sensors, the highest compressive strain was 
observed in Lane 2 and the lowest compressive strain at the North Shoulder sensor close to Lane 
1. Lanes 2 and 3, as well as the Ramp and Gore, were observed to have strains of similar magnitude. 
For the bottom longitudinal sensors, Lane 3 incurs more compressive strain, with the North 
Shoulder strain more tensile than that observed in the South Shoulder, which is similar to what 
was observed on the hottest day as well. 
  
(a)                                                                               (b) 
Figure 4.16 Actual strains along bridge abutment end of cast-in-place slab (coldest day): (a) 
top layer sensors; (b) bottom layer sensors 
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Precast Slab (Prospect Avenue) 
Strains observed at the top and bottom layer sensors along lines parallel to the skew of the slab are 
shown in Figure 4.17 for the line closest to the transition slab on the hottest day. For these sensors 
close to the transition slab end of the approach slab, the strains observed at the top and bottom 
layers for the North and South Shoulders were observed to be similar. In the top layer, the 
minimum tensile strain is observed at sensors in Lane 1, while Lane 3 experiences the largest 
tensile strain on the hottest day. At the bottom there were sensors in only the North and South 
Shoulders, and data shows that the strain is similar at both points of measurement, suggesting that 
the strain distribution may be more uniform in the lower layer of the slab than in the upper layer 
at the Shoulders. No conclusions can be drawn about Lanes 1, 2, or 3.  
  
(a)                                                                       (b) 
Figure 4.17 Actual strains along transition slab end of precast slab (hottest day): (a) top 
layer sensors; (b) bottom layer sensors 
 
On the coldest day, the behavior of the slab along the line of sensors closest to the transition slab 
is similar to that observed on the hottest day, but all the sensors have compressive strain instead 
of tensile strain. The primary difference observed is that Lane 1 is under higher compressive strain 
than the sensor located on the line at the North Shoulder near Lane 1, which is similar to the 
behavior of the cast-in-place slab at the corresponding location as well. The top layer compressive 
strain top layer is higher at the South Shoulder than at Lane 3 for both the hottest and coldest days 
for the precast slab. The strain variation at the bottom layer on the coldest day is similar to that 




observed on the hottest day, with slightly higher magnitude strains. The variation in strain in each 
of the shoulders was higher as well. Strain variation is presented in Figure 4.18. 
  
(a)                                                                    (b) 
Figure 4.18 Actual strains along transition slab end of precast slab (coldest day): (a) top 
layer sensors; (b) bottom layer sensors 
Along the abutment end on the hottest day (Figure 4.19), the tensile strains obtained for the North 
and South Shoulders were found to be nearly equal. Thus, it can be inferred that the precast slab 
is subjected to symmetrical boundary conditions on both ends on the abutment.  In this case, we 
do not have a working sensor at Lane 1 (as pointed out in Chapter 3), but all the other locations 
show similar strains. The magnitude of strains is slightly higher than that at the transition slab side. 
The bottom layer strain behavior is similar to that observed at the other end. 
  
(a)                                                                              (b) 
Figure 4.19 Actual strains along abutment end of precast slab (hottest day): (a) top layer 
sensors; (b) bottom layer sensors 
     NS         L1     L2       L3        SS      NS         L1     L2       L3        SS 




During the coldest day (Figure 4.20), the behavior of the bottom layer was again similar to that 
observed during the hottest day, showing highly uniform behavior along the bottom reinforcement 
layer of the slab. All the other sensors have been observed to follow the same trend as observed 
on the hottest day. So, it can be inferred that the response of the slab does not change spatially for 
the precast slab abutment end as the temperature is changed. 
 
(a)                                                                     (b) 
Figure 4.20 Actual strains along abutment end of Precast slab (coldest day): (a) top layer 
sensors; (b) bottom layer sensors 
 
4.3.2 Load-related strains 
Load-related strain is defined as the strain observed due to external loading, or by demands 
imposed due to restraint of expansion, that occurs after monitoring is started. It is calculated by 
subtracting the strains caused by thermal expansion of concrete from the actual strains calculated 
earlier. The load-related strain for any sensor can be calculated using the following equation: 
 
µ𝑙𝑜𝑎𝑑 = (𝑅1 − 𝑅0)𝐵 + (𝑇1 − 𝑇0)(𝐶1 − 𝐶2) 
where: 
R0 is the initial strain gage reading;  
R1 is the current strain gage reading;  
B is the batch gage factor supplied by Geokon; 
T0 is the initial temperature; 
T1 is the current temperature; 




C1 is the coefficient of thermal expansion of steel (12.2 µε/ºC); and  
C2 is the coefficient of thermal expansion of concrete. 
 
Lane-wise variation of load-related strains 
For both instrumented approach slabs, the load-related strains were observed to have lower 
magnitudes than actual strains, varying with the daily temperature to only a modest extent, which 
indicates relatively little restraint to the slab. The magnitudes of most sensor strains track well with 
other sensors in the same lane and have a magnitude close to zero, with tensile strain (stress) 
developed in higher temperature conditions and compressive strain (stress) in months with low 
temperature, as shown in Figures 4.21 and 4.22, respectively. However, the cast-in-place slab 
experienced larger compressive load-related strains as the temperature dropped below -10 ºC 
during the winter (in December 2017 – January 2018), which was not observed in the precast slab.  
In the cast-in-place slab, the gages located close to the abutment of the bridge reported increasing 
compressive strain after August 2018. This behavior is also observed in some of the top 
longitudinal sensors toward the middle of the slab. As observed in the case of actual strains, the 
load-related strain at L1-3-2B (highlighted by a green box in Figure 4.21 (b)) undergoes a large 
and sudden change, caused by malfunction of the sensor. (There is no data obtained from the sensor 
after it recorded the highest compressive strain, pointing to its malfunction.)  The sensor at SS-9-
3R (highlighted by a red box in Figure 4.21 (g) experienced a sudden increase in tensile strain 
(about 100 µε) in December 2017, which was not recovered as time progressed. Instead, the 
recorded strains followed the regular trend as in the other sensors.  
 
(a)                                                                                     (b) 
Figure 4.21 Load-related strains in Cast-in-place slab at Arlington Heights: (a) North 






(c)                                                                                     (d) 
 
(e)                                                                                     (f) 
 
(g) 




For the precast slab, after completion of the first year of monitoring, the strains observed in the 
slab were slightly more compressive than for the same time in the previous year. However, some 
sensors were observed to diverge from this overall trend. At NS-1-2B and SS-7-3B, the slab 
accumulated significant tensile strain after the summer of 2018, which was not recovered even 
when the temperature dropped, showing local tensile stress development at the bottom of the North 
Shoulder and South Shoulder near the middle of the slab. All the sensors along Lane 1 were 
observed to accumulate high compressive strains during summer 2018, as shown in Figure 4.22 
This suggests that local compressive strain developed in the traffic lanes (Lanes 1, 2, and 3). 
 
(a)                                                                                     (b) 
 
 
(c)                                                                                     (d) 
Figure 4.22 Load-related strains in precast slab at Prospect Avenue: (a) North Shoulder-1; 







(e)                                                                                     (f) 
 
(g) 
Figure 4.22 cont. 
 
Variation of strains with respect to slab temperature 
At the cast-in-place slab, the load-related strains at 28 out of 43 sensor locations exhibit a rough 
linear trend vs. temperature, with a smaller slope than that of the actual strains. Similarly for the 
precast slab, the same trend is observed at 31 out of 44 gages, with even smaller slopes than those 
observed at Arlington Heights Road (cast-in-place). This indicates that the precast slab has less 
restraint than the cast-in-place slab. A representative example of the observed behavior of the slabs 
is given in Figure 4.23, while the distribution of locations that follow this trend is given in Figure 
4.12. As was the case with the cast-in-place slab, the strain variation also follows daily cycles 





(a)                                                                (b) 
Figure 4.23 Typical Strain vs. Temperature response for: (a) cast-in-place (e.g. L3-5-1T); 
(b) precast approach slab (e.g. L3-5-4T) 
 
However, some of the sensor locations were observed to have a response different than that 
represented in Figure 4.23. 
For the cast-in-place approach slab, 2 out of 21 top sensors (located at the mid-span and the 
abutment) indicate increased compressive strains during and before summer 2018, which 
continues into fall 2018 as shown in Figure 4.24 (a) and (b). Similar behavior was also observed 
at 2 out of 8 transverse sensors, close to the abutment in Lane 2 and on the Ramp as shown in 
Figure 4.24 (c) and (d), as well as 2 out of 12 bottom sensors close to the abutment end on Lane 3 
and in the South Shoulder also indicating increased compressive strains since summer 2018, given 
in Figure 4.24 (e) and (f). 
 
(a)                                                             (b) 
Figure 4.24 Nonlinear behavior for load-related strains in cast-in-place slab at Arlington 






(c)                                                               (d) 
  
(e)                                                            (f) 
Figure 4.24 cont. 
 
Similar to in the cast-in-place slab, for the precast slab some sensors exhibited different behavior 
from the general trend. One bottom sensor each at the North Shoulder and South Shoulder showed 
tensile strain accumulation after the end of summer 2018, as shown in Figure 4.25 (a) and (b). 
However, in the traffic lanes the behavior is similar to that observed in the cast-in-place slab, with 





(a)                                                                  (b) 
  
(c)                                                             (d) 
 
(e) 
Figure 4.25 Non-linear responses in precast slab at Prospect Avenue: (a) NS-2-2B; (b) SS-7-
3B; (c) L1-3-4T; (d) NS-2-2T; (e) L1-3-1R 
 
The location of all the sensors that do not follow the general trend are presented in Figure 4.26. It 




observed near the abutment; however, no such clear trend can be observed for the precast approach 
slab.  
       
 (a)                                                                                (b) 
Figure 4.26 Location of sensors with anomalous behavior in: (a) cast-in-place slab (b) 
precast slab 
 
Strain profiles of approach slabs on hottest and coldest days 
The load-related strains along the slab were studied by plotting the strains observed for the sensors 
closest to the abutment and closest to the transition slab ends of the slab.  
 
Cast-in-place Slab (Arlington Heights) 
The load-related strain variation along the transition slab end for the cast-in-place slab is very 
similar to that observed in the actual strain. However, the strain is not as similar in magnitude at 
the North and South Shoulders, suggesting that the restraints are different at the two ends of this 









Lane 2, while Lane 1 and the Ramp have similar strain values. For the bottom layer (Figure 4.28), 
as was the case for actual strains, the tensile strains observed in Lane 3 were lower than for the 
two shoulders for the bottom layer, while it was higher for the top layer.  
 
(a)                                                                          (b) 
Figure 4.27 Load-related strains along transition slab end of cast-in-place slab (hottest 
day): (a) top layer sensors; (b) bottom layer sensors 
 
Similar trends were observed on the coldest day as well, with the highest compressive strains 
recorded in Lane 1. Lane 2 shows a major decrease in compressive strain, which may be caused 
by uneven support conditions. The strain at the North Shoulder is observed to comprise slightly 
higher tensile strains (and less compressive strain) than the South Shoulder, suggesting uneven 
restraints on the two ends of the slab. 
 
(a)                                                                             (b) 
Figure 4.28 Load-related strains along Transition slab end of cast-in-place slab (coldest 
day): (a) top layer sensors; (b) bottom layer sensors 
 NS      L1    L2    L3     G      R       SS  NS      L1    L2    L3     G      R       SS 




On the hottest day, the strain variation along the abutment end (Figure 4.29) generally follows the 
same trend as that observed in the actual strains, with the maximum tensile strain in the Ramp 
while the most compressive strain is in Lane 2. And, as observed earlier, the strains in the North 
Shoulder were more compressive at the top reinforcement layer and more tensile at the bottom 
layer than in the South Shoulder. The bottom layer behavior was similar to the other end of the 
slab, with compressive strain at Lane 3 and tensile strains in the North Shoulder and South 
Shoulder. 
 
(a)                                                                    (b) 
Figure 4.29 Load-related strains along bridge abutment end of cast-in-place slab (hottest 
day):  (a) top layer sensors; (b) bottom layer sensors 
 
On the coldest day, the abutment side load-related strains for the Cast-in-place approach slab are 
shown in Figure 4.30. The strains observed across the slab at the top layer of reinforcement are 
mainly constant, with the least compressive strains in the sensors on the North Shoulder near Lane 
1 and in the South Shoulder. The bottom layer reinforcement strains follow the pattern observed 
for the actual strains, with the North Shoulder strain more tensile than that observed in the South 
Shoulder, which is similar to that observed on the hottest day as well. The magnitude of strain 
change is higher for the coldest day, as observed in previous cases. 





(a)                                                                      (b) 
Figure 4.30 Load-related strains along bridge abutment end of cast-in-place slab (coldest 
day): (a) top layer sensors; (b) bottom layer sensors 
Precast Slab (Prospect Avenue) 
The load-related strain variation across lines parallel to the skew of the precast slab shows the 
same trends as observed for the actual strains. On the hottest day, the strain on the transition slab 
end is similar near the North and South Shoulders, with the magnitude being very close to zero at 
the top layer of reinforcement, indicating low restraint on these ends. The strains observed around 
Lane 1 were most compressive, however the strain observed in Lane 3 was tensile. The changes 
in bottom strain were smaller than those at the top layer and followed the general trend of tensile 
strain on the shoulders and more compressive strain in the middle, as shown in Figure 4.31.  
 
(a)                                                                              (b) 
Figure 4.31 Actual strains along Transition slab end of precast slab (hottest day): (a) top 
layer sensors; (b) bottom layer sensors 
 NS      L1    L2    L3     G      R       SS  NS      L1    L2    L3     G      R       SS 




The load-related strain observed on the coldest day followed the same trend as the hottest day 
strain variation. The primary differences are greater compression and larger compression on the 
South Shoulder near Lane 3, rather than near the parapet. The strain variation is shown in Figure 
4.32. 
 
(a)                                                                   (b) 
Figure 4.32 Load-related strains along transition slab end of precast slab (Coldest day): (a) 
top layer sensors; (b) bottom layer sensors 
 
The strain variations observed on the abutment end of the precast slab were similar to the actual 
strain, with a smaller magnitude, as shown in Figures 4.33 and 4.34. Unlike the actual strain case, 
the strain gets more compressive as one moves from Lane 3 into the South Shoulder.  
 
(a)                                                                         (b) 
Figure 4.33 Load-related strains along abutment end of precast slab (hottest day): (a) top 
layer sensors; (b) bottom layer sensors 
     NS         L1     L2       L3        SS      NS         L1     L2       L3        SS 





(a)                                                                        (b) 
Figure 4.34 Load-related strains along abutment end of precast slab (coldest day): (a) top 
layer sensors; (b) bottom layer sensors 
 
 
4.4 Approach Slab Stresses 
Cracking of approach slabs is the most common problem identified by the agency survey and 
bridge inspections done as part of this project, so extreme-fiber stresses were estimated to better 
understand slab behavior and determine the potential for undesirable slab response. 
 
4.4.1 Calculation of Approach Slab Extreme Fiber Stresses 
The change in actual and load related stress can be calculated for a strain gage reading if elastic 
behavior is assumed: 
𝑆𝑡𝑟𝑒𝑠𝑠 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 ∗ 𝑆𝑡𝑟𝑎𝑖𝑛 
 
Here, we use the change in load-related strain calculated in the previous section to calculate the 
load-related change of stresses. Thus, the stress change shown hereafter represents that caused by 
live load and/or developed constraints. 




To obtain the extreme fiber strains for the slabs, which can then be used to calculate extreme fiber 
stresses, the measurement locations with both and top and bottom longitudinal sensors were used. 
The strains at the top and bottom are then extrapolated to the surface, assuming linear variation of 
strains across the slab, as shown in figure 4.35. 
 
Figure 4.35 Estimation of extreme fiber stresses 
 
4.4.2 Extreme fiber stress variation  
Since the stresses are calculated using the load-related strains presented above, the stresses follow 
the same general trends as already discussed for the load-related strains.  In the cast-in-place slab 
at Arlington Heights Road, the stresses observed in the sensors in a given lane (expect Gore) are 
close in magnitude to each other up to January 2018, but diverge after the sudden increase in 
temperature observed at the end of January 2018. This phenomenon is most evident in the North 
Shoulder (Figure 4.36 (a)), where each location experiences different stress variation. As was the 
case for load-related strains, the load-related surface stresses follow the same trends after the 
winter of 2018. Variation of extreme fiber stresses for the cast-in-place slab is given in Figure 
4.36. (Here the variation of Lane 1 sensors is not presented, as the sensor at L1-3-2B malfunctioned 
after the summer of 2018.) The stresses observed at all the lanes do not cross the modulus of 
rupture of the concrete that was used, which is consistent with the fact that no significant cracks 
have been observed in the slab. The maximum tensile and compressive stresses observed at various 
locations in the slab are given in Table 4.2. 
Top sensor stress 
Top extreme fiber stress 
Bottom sensor stress 





(a)                                                                        (b) 
 
(c)                                                                        (d) 
 
(e)                                                                        (f) 
Figure 4.36 Load-related Surface stresses for Cast-in-place slab at Arlington Heights Rd: 






In the precast slab (Figure 4.37), extreme fiber stresses were observed to be similar in magnitude 
in each lane up to the summer of 2018, after which significant differences in load-related stress 
were observed for locations on all lanes. The top surface location stresses were observed to get 
more and more compressive, while the bottom surface stresses were observed to get more tensile, 
after the summer of 2018. Figure 4.36 gives the variation of extreme fiber stresses for the precast 
slab at Prospect Avenue. Like in the cast-in-place slab, the stresses are lower than the modulus of 
rupture for concrete, which is consistent with the observation of no significant cracking on the 
surface of the slab. The maximum tensile and compressive stresses observed at various locations 
in the slab are given in Table 4.3. 
 
  
(a)                                                                        (b) 
  
(c)                                                                        (d) 
Figure 4.37 Load-related Surface stresses for precast slab at Prospect Ave.: (a) North 































Table 4.2 Surface stress ranges at cast-in-place slab 
Lanes Location 
Load-related Stresses (ksi) 
Max. Tensile  Max. Compressive 
North Shoulder 
NS-1-1T 0.20 0.24 
NS-1-1B 0.42 0.03 
NS-1-2T 0.13 1.11 
NS-1-2B 0.96 0.09 
NS-1-3T 0.09 0.77 
NS-1-3B 0.78 0.03 
Lane 1 L1-3-2T 0.79 0.63 
 L1-3-2B 1.05 1.83 
Lane 2 L2-4-2T 0.12 0.55 
 L2-4-2B 0.68 0.029 
Lane 3 
L3-5-1T 0.39 0.33 
L3-5-1B 0.22 0.26 
L3-5-2T 0.33 0.39 
L3-5-2B 0.39 0.22 
L3-5-3T 0.28 0.27 
L3-5-3B 0.33 0.82 
Gore 
G-6-2T 0.12 0.76 
G-6-2B 0.56 0.03 
Ramp 
R-7-2T 0.45 1.47 
R-7-2B 0.66 0.25 
South Shoulder 
SS-9-1T 0.21 0.42 
SS-9-1B 0.50 0.06 
SS-9-2T 0.41 0.31 
SS-9-2B 0.42 0.14 
SS-9-3T 0.61 0.14 







Table 4.3 Surface stress ranges for precast slab 
Lane Location 
Load-related Stress (ksi) 
Max. Tensile Max. Compressive 
North Shoulder 
NS-1-1T 0.00 0.69 
NS-1-1B 0.35 0.27 
NS-1-2T -0.62 1.66 
NS-1-2B 0.62 0.24 
NS-1-3T -0.03 0.75 
NS-1-3B 0.43 0.32 
NS-1-4T 0.02 0.69 
NS-1-4B 0.44 0.21 
NS-2-1T -0.96 1.86 
NS-2-1B -0.12 0.67 
NS-2-4T -1.34 2.06 
NS-2-4B 0.11 0.53 
Lane 2 
L2-4-2T 1.05 -0.08 
L2-4-2B -0.63 1.79 
L2-4-3T 0.35 0.51 
L2-4-3B 0.26 0.34 
South Shoulder 
SS-6-1T 0.23 0.12 
SS-6-1B 2.63 -2.20 
SS-6-4T -0.64 1.42 
SS-6-4B 0.62 0.37 
SS-7-1T 0.07 0.47 
SS-7-1B 0.29 0.21 
SS-7-2T 0.22 0.67 
SS-7-2B 0.45 0.28 
SS-7-3T 0.17 0.68 
SS-7-3B 1.02 0.21 
SS-7-4T 0.15 0.41 






4.5 Approach Slab displacements 
Global longitudinal movement of the approach slab was studied using 4 displacement transducers 
installed at the corners of both approach slabs. Each displacement transducer recorded the change 
in distance between the two components it was anchored to. The displacement recorded for each 
of the transducers indicates that slab movement depends primarily on the change in temperature, 
with an increase in temperature leading to closing of the gap between the two components, 
reflected by a decrease in observed displacement, and vice versa. Figure 4.38 gives a schematic 
diagram of displacement transducer placement. This was true for both the cast-in-place and precast 
slab, as shown in Figure 4.39. However, the displacement transducer readings for the northwest 
corner of the cast-in-place slab does not follow this observation. This is a result of a different 
installation method used for this sensor (as discussed in Chapter 3). The displacements were 
observed to be close to zero near the abutment for each of the bridges, while significant movement 
was observed at the approach slab expansion joint end to the transition slab, as expected. 
Displacement of the slab at the expansion joint was observed to be marginally higher at the precast 
slab than at the cast-in-place one, and the daily variation was larger for the precast approach slab. 
 

















To gain a better understanding of the displacements of the approach slabs, the displacements were 
plotted against temperature. As expected, all the displacements vary linearly with temperature, 
except at the Northwest corner of the cast-in-place slab, where the displacement transducer is 
mounted on approach slab and pile bent. Figure 4.40 shows the variation of displacements at the 
4 corners of the cast-in-place slab. Displacements at the abutment ends are close to zero, as the 
approach slab is connected to the abutment using rebar dowels. At the expansion joint, the South 
west corner experienced a total movement of about 1 in., with 1 ºC change in temperature leading 
to about 0.02 in. change in length. 
 
  
(a)                                                                         (b) 
  
(c)                                                                             (d) 
Figure 4.40 Displacement transducer displacements w.r.t temperature for cast-in-place slab 





For the precast slab, the displacements were also observed to follow the same trends, with linear 
relationship between temperature and displacements. The displacements at the abutment end (NW 
and SW corners) show a total movement of about 0.1 in., while the expansion joint moves more 
than 1 in. during the same time. The variation of displacement observed for precast slab is shown 
in Figure 4.41. 
  
(a)                                                                      (b) 
  
(c)                                                                      (d) 
 Figure 4.41 Displacement transducer displacements w.r.t temperature for precast slab at 










The major findings from the data processing are summarized as follows: 
 Actual strain is defined as the strain observed in an approach slab due to the combined 
effect of all the conditions in the slab. Load-related strain is defined as the strain observed 
due to live loading and demands imposed by restraint. Load-related strain is calculated by 
subtracting the strains caused by thermal expansion of concrete from the actual strains. 
 The strain change, both actual and load-related, tends to be tensile during periods with 
temperatures lower than the reference temperature (winter season) and compressive during 
the period with temperature higher than the reference temperature. 
 The majority of the gages (28 out of 42 in the cast-in-place slab, and 33 out of 42 in the 
precast slab) exhibit linear behavior with respect to temperature. 
 Some gages on both of the slabs, however, do develop nonlinear behavior, especially 
during and after the summer of 2018. A large compressive load-related strain increase is 
observed in sensors near the abutment end or the midspan of the slabs, which is not 
recovered as the temperature decreases. This suggests that strain accumulation can occur, 
possibly caused by permanent settlement of the subbase or movement of the bridge. 
 The actual strain for the cast-in-place approach slab at Arlington Heights Road ranged from 
about 225 µε in compression to 400 µε in tension, while for the precast approach slab at 
Prospect Avenue the actual strain was recorded between 200 µε in compression to 350 µε 
in tension. 
 The load-related strains for the cast-in-place slab at Arlington Heights Road ranged from 
about 150 µε in compression to 170 µε in tension, while for the precast slab at Prospect 
Avenue the range was 175 µε in compression to 120 µε in tension. 
 The behavior of the slabs under the highest and lowest temperature days appears to be 
similar, with higher magnitude of strain observed during the lowest temperatures. 
 The strain is generally more compressive on the traffic bearing lanes than the shoulders, 
with the greatest compressive strains observed in the middle lanes (Lanes 1 or 2) at extreme 
(highest and lowest) temperature points. 
 The strain varies highly at the transition between the lane closest to the shoulder and the 




 Load-related strain changes were used to calculate stress changes by assuming the slabs to 
be linear elastic. The stresses thus calculated were extrapolated to the surface to get an 
estimate of the extreme layer stress on the slab. The magnitude of this stress was found to 
be less than the modulus of rupture of the concrete used in the slabs, thus agreeing with the 
fact that surface cracking is not observed at the instrumented slabs. 
 The variation of extreme layer stress with time shows that the stress is uniform in each lane 
of the slab for the initial period, but then diverges as the slab experiences more temperature 
variation. 
 The relative movement of the slabs with respect to their associated abutment and transition 
slab was recorded using displacement transducers at four corners of each slab. The 
movements observed were as expected, with about 1 in. of movement at the transition slab 
end (due to the expansion joint) and about 0.1 in at the abutment end (where the slab and 





















CHAPTER 5: STATIC TRUCK LOADING TEST 
Along with monitoring of the approach slabs under regular traffic and subjected to temperature 
changes, the slabs were also loaded with a test truck at various positions, in order to understand 
slab behavior under truck loads and calibrate numerical models developed for the parametric study. 
The North Shoulder, Lane 1, Lane 3 and South shoulder of both the approach slabs (at Arlington 
Heights Road and Prospect Avenue) were loaded as a part of this testing, along with an additional 
test done on the Ramp of the slab at Arlington Heights. For loading of a lane (or shoulder), a single 
truck was parked for a short period of time (several minutes) at three locations defined by the rear 
axle location. These locations are for the rear axle at the quarter points and at the midpoint of the 
slab. Schematics of the locations for static truck load testing are given in Figure 5.1. The truck and 
loading conformed to the IDOT specifications of legal dimension and weights. The load applied 
on both the axles was measured after the tests to obtain the exact load on the slab. This load data, 
which is described even further in the next chapter, was then used to simulate the truck load in 
numerical models. Testing was performed by blocking off the lanes under investigation, and was 
conducted over two days (on September 14th and 21st, 2018) with 7 tests in total done on cast-in-
place slab (numbered 1-7) and 12 on precast slab (numbered 1-12).  
  
(a)                                                                 (b) 
Figure 5.1 Test locations for static truck load testing with test numbers marked on them: 













5.1 Test Procedure 
The following procedure was used by the research team to perform a test on each selected lane: 
 The truck was initially parked away from the slab and the strains observed in the slab were 
recorded as the reference readings. It was placed at the selected location, and the time of 
placement was recorded.  
 The truck was allowed to rest on the slab for a duration of at least 2 minutes at each location 
(quarter points of span and midspan) so that the multiplexer could record data from all the 
sensors and provide reliable data.  
 Meanwhile, the exact locations of the truck axles were recorded for each location, in order 
to facilitate numerical modelling of the same test. 
 The truck was then driven off the slab, and the time was recorded. 
 The truck was kept off the slab for about 5 minutes, for the strain in the sensors to return 
to their unloaded condition. The readings of the sensors at this point were again recorded, 
to take as the new reference readings, and the steps were then repeated for the next location. 
 The data obtained was post-processed to obtain strain changes caused only by applied live 
load. The axle of the truck were weighed after the test and the loads are given in Table 5.1. 
 
Table 5.1 Truckloads applied on the slabs during static truck loading test 
Date Front Axle Load (kips) Rear Axle load (kips) 
9/14/2018 35.1 12.66 







(a)                                                                    (b) 
 
(c)                                                                         (d) 
Figure 5.2 Research team conducting static truck loading test: (a) U of I research team (b) 
testing location with team working on truck placement and monitoring data; (c) 
measurement of rear axle location; (d) measurement of front axle location.  
 
5.2 Actual Strains  
Actual strains observed during static truck testing for both the precast and cast-in-place slabs 
indicated that the most significant changes in strain are caused by thermal effects, which is a 
general trend for actual strains, as shown in Figure 5.3 (a) and (b). The effect of truck loading can 
be seen in the form of an increase in strains for the time that the truck was placed on the slab, as 
highlighted in Figure 5.3(c). However, the live load effect was observed to be significant only on 
and around the lane that was loaded. The further a sensor is from the truck loading, the smaller is 




more prominent in the cast-in-place slab, with lanes close to the loaded lane experiencing higher 
strain changes than that observed in the precast slab. The strain changes observed for top and 
bottom sensors had opposite signs; however, the magnitude of bottom strain change is much lower 
than that for the top layer strain. 
  
(a)                                                                          (b) 
 
(c) 
Figure 5.3 Strain response for static loading test: (a) cast-in-place slab; (b) precast slab; (c) 





                                         (a)                                                          (b) 
Figure 5.4 Actual strain for sensors across the slab for: (a) cast-in-place; (b) precast slab 
 
Static truck loading of the slabs was observed to have even less of an effect on strains in the 
transverse direction, as shown in Figure 5.5. For the cast-in-place slab, all the transverse sensors 
remain unaffected by the loading, except the gage near the west corner of the North Shoulder (NS-
1-1R), which experiences minor changes in strain. However, the precast slab showed more 
variation in transverse direction strains, which can be seen to propagate through the slab to a higher 
extent as well, as shown in Figure 5.5 (b). 
 
(a)                                                                      (b) 





5.3 Strain Changes due to Live Load 
In order to capture the effect of live load on the slabs, the strain changes caused by only the live 
load were calculated. This was done by subtracting the strain increase caused by temperature 
change from the total strains observed in the slab. The resulting strain change values are presented 
in the form of strain change maps, developed using the calculated changes. This data was then 
used to calibrate the numerical models discussed in the next chapter, which includes evaluating 
the support conditions of the slabs. 
The strain change maps generated for the cast-in-place approach slab at Arlington Heights are 
given in Figures 5.6 through 5.8 for the loading done on Lane 1 (test cases 1 through 3). The truck 
location is represented by a blue rectangle, with tire locations indicated by red rectangles. Each 
sensor is accompanied by the Top gage and Bottom gage strain changes, given in a Yellow box 
(i.e., the readings are represented as top/bottom). For locations where there is no bottom gage, only 
one reading is given. 
In general, the observed strain changes are highest for the lane that is loaded (up to 6-10 µε), with 
effects diminishing for sensor locations away from the load. However, the effects observed in the 
North and South Shoulders of the slab were more muted than strain changes in the middle section 
of the slab, which can be readily observed in Figures 5.4 through 5.6. As the wing-walls for the 
slab do not provide direct support, this lower change in strain could be caused by better subbase 
beneath the slab on either end. The strain change maps generated for tests 4 through 7 are presented 







Figure 5.6 Strain change map for cast-in-place slab with rear axle of the truck on Lane 1 














Figure 5.8 Strain change map for cast-in-place slab with rear axle of the truck on Lane 1 





Similarly, strain change maps were generated for the precast approach slab at Prospect Avenue. 
Strain change maps created for Figures 5.9 through 5.11. The maps make use of the same symbols 
used in generating the maps for the cast-in-place slab; they show that the precast slab exhibits 
similar behavior to that of the cast-in-place slab. However, the change in strain observed in lanes 
that are not directly loaded is even lower in the case of the precast slab. This can be attributed to 
the fact that each lane is constructed as a separate panel for this slab. Change in stress at the top 
level of reinforcement is generally observed to be larger, with minor exceptions to this trend. Strain 
change maps for the static truck loading tests 1 through 6 and 9 through 12 are provided in 
Appendix C. 
The generated strain maps were then used to validate the numerical models that were generated to 
































Figure 5.11 Strain change map for precast slab with rear axle of the truck on Lane 3 close 






CHAPTER 6: NUMERICAL MODELLING 
In order to conduct a parametric study as part of the study, numerical models of the approach slabs 
were developed in ABAQUS. This section details the preliminary numerical modelling of the IAB 
approach slabs. This preliminary model was used to study the response of the slab caused by static 
truck load testing and thus estimate the modulus of subgrade reaction of the material between the 
supports of the slab. 
 
6.1 Approach slab geometry and materials 
The numerical models developed for the purpose of this study followed the geometry of the two 
approach slabs instrumented, as shown in Figures 6.1 and 6.2. The models for both cast-in-place 
and precast slab were created using S4R Planar Shell elements in ABAQUS, with mesh element 
size of 10 in x 10 in. The choice of element size was based on AASHTO’s HL-93M truck tire 
contact area, so that the truck load can be applied on the slabs in an orderly fashion.   
The approach slab at Arlington Heights was modelled as a single slab, following the geometry 
specified in the bridge drawings. The location of the sensors were marked on the model using 
datum points. For the precast slab at Prospect Avenue, the slab was modelled using 5 panels of 
varying properties specified in the bridge drawings, as shown in Figure 6.2. 
                          




The materials used in the modelling were concrete and steel assumed to have elastic and isotropic 
behavior. Table 6.1 shows the 28 day compressive strength and elastic modulus values for the cast-
in-place slab and precast panels. For both the approach slabs the concrete Poisson’s ratio was 
assumed to be 0.15. The modulus of elasticity of concrete for each panel of the precast slab 
(Prospect Ave) was obtained from the samples tested while construction of the panels. But for the 
cast-in-place (Arlington Heights Road) slab the compressive strength obtained from the testing 
samples was used to calculate the elastic modulus, using the AASHTO equation for estimating the 
modulus of elasticity of normal weight concrete: 
𝐸𝑐 = 1860√𝑓𝑐
′ 
Where fc': Compressive strength of concrete sample (in ksi); Ec: Elastic modulus (ksi) 
 
Table 6.1 28 day compressive strength (fc) and elastic modulus (Ec) of concrete 
 fc’ (ksi) Ec (ksi) 
Arlington Heights Rd. 6.7240 4823 
Prospect 
Avenue 
North Shoulder Slab 7.641 5100 
Lane 1 slab 7.548 5275 
Lane 2 slab 7.671 5350 
Lane 3 slab 7.773 5375 
South Shoulder slab 7.942 5275 
 
Steel used in the modelling was assumed to have a modulus of elasticity of 29000 ksi and a 
Poisson’s ratio of 0.3. The values were taken as such because all the rebars used in the approach 
slabs were factory made and have higher quality control and consistency. The reinforcements were 
















Spacing (in) Orientation Angle 
Position (from centre 
of the slab in inches) 
Bottom longitudinal 
Layer 
1 4 0 -3.936 
Bottom transverse 
layer 
0.44 9 79.33 -2.997 
Top longitudinal 
layer 
0.31 12 0 3.6875 
Top transverse layer 0.20 15 79.33 3.125 
 
 
6.2 Boundary conditions, constraints and meshing 
The approach slab rests on abutment on one end, with dowel bars connecting the approach slab 
and abutment, and on a pile bent at the transition slab side. The cast-in-place slab was cast directly 
on the ground and the portion between the two supports for precast slab was grouted to provide 
more support. Therefore the slabs were modelled using hinges on the abutment side, rollers on the 
expansion joint side and a distributed elastic foundation below the slab. The boundary conditions 
applied on the slab are shown in Figures 6.3 and 6.4. 
The abutment is connected with the slab using reinforcement, thus restricting all the displacement 
degree of freedoms (dofs) at the points where the abutment is connected to the slab. Thus, it was 
modelled by fixing the displacement dofs at the midpoint of the area of the slab resting on the 
abutment. On the other side, the slab ends at an expansion joint, thus there is no restrictions on the 





Figure 6.3 Boundary conditions for cast-
in-place slab. 
Figure 6.4 Boundary conditions for 
precast slab. 
 
The subbase was modelled with a system of linear springs with predefined constant stiffness, 
which is implemented using the elastic foundation property in ABAQUS as shown in Figure 6.5 
The value of stiffness is denoted by coefficient of subgrade reaction (k) was determined using the 
field data, finding the value of stiffness such that the field results are matched by the modelling 













    
(a)                                                                        (b)  
Figure 6.5 Region where elastic foundation is applied in: (a) Arlington Heights Road; (b) 
Prospect Avenue 
 
The precast slab is constructed by using 5 panels of varying widths, connected by dowel bars 
placed in the fashion shown in Figure 6.6. This connection restricts the relative movement of the 
approach slab panels in all 3 displacement degrees of freedom, making the slab work as a single 
unit. Thus, in order to model the interaction between the slabs tie constraint were used in 
ABAQUS, which is a constraint that ‘ties’ two separate surfaces together so that there is no relative 
motion between them. At the junction of precast slabs, surfaces were defined in order to use tie 
constraint as shown in Figure 6.7.  
 
Figure 6.6 Precast slab panel joints 
Elastic Foundation 
applied on bottom 
surface  
Elastic Foundation 
applied on bottom 
surface  
Bridge 






Figure 6.7 Surfaces used in North Shoulder to Lane 1 Tie constraint 
 
In order to clarify the choice of mesh to be used in the slab, a mesh sensitivity study was conducted. 
ABAQUS provides a variety of options for meshing of a structure, with choices in quad and 
triangular elements, which are further more divided into free and structured meshing. For this study 
different configurations were tried as shown for the cast-in-place slab in Figure 6.8.  
      
(a)                                                       (b) 
Figure 6.8 Mesh configurations used: (a) structured meshing (quad elements only); (b) 
structured meshing (quad and triangular element); (c) free meshing (quad elements only); 
(d) free meshing (quad and triangular elements) 
Surface 1: North Shoulder bottom 
Surface 2: Lane 1 top 





       
(c)                                                        (d) 
Figure 6.8 cont. 
 
Models thus created were subjected to truck loads observed in the static truck loading test. The 
results show that the strain distribution obtained from the model do not depend on the meshing 
technique used. This can be attributed to the fact that the slab is assumed to have linear elastic 
response and deformations observed in the slab are small. In order to make the load application 
easier, configuration (a) was selected because of the uniformity of the elements created, as 
highlighted in Figure 6.9 with a red box around it. For slab sections in precast slab free form 




       
(a)                                                             (b) 
    
(c)                                                                   (d) 
Figure 6.9 Strain distribution when rear truck axle rests on Lane 3 of the cast-in-place 
slab: : (a) structured meshing (quad elements only); (b) structured meshing (quad and 





6.3 Loading  
The models were subjected to the truck load applied during the static loading test. The front and 
rear axle loads of the truck used on the two days of testing are given in Table 6.3. Here the rear 
axle load signifies the sum of both the rear axle load.  
 
Table 6.3 Truckloads applied on the slabs during Static Truck Loading Test 
Date Front Axle Load (kips) Rear Axle load (kips) 
9/14/2018 35.10 12.66 
9/21/2018 34.78 12.7 
 
The front axle tires were assumed to have a contact area of 10 in. x 10 in., while the rear axles 
were assumed to have a contact area of 10 in. x 20 in. The locations of the axles during static 
loading test were used to determine the partitions to be made in the slab where the load was applied 
in form of uniform pressure over the tire contact area. Figures 6.10 (a) and (b) show the truck and 
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6.4 Modelling results and support condition determination 
The design methodology used for approach slabs considers the support condition is simply 
supported, but in the approach slabs used in the bridges in IL a subbase is provided. This leads to 
drastically different strains and stresses on the various sections of the slab than ones predicted 
using a simply supported model. The support condition of model of the slab was changed by 
altering the coefficient of subgrade reaction used to define elastic foundation. 
Different coefficient of subgrade reaction (k) were used to define the stiffness of the soil 
underneath the slab. In the ABAQUS model this was implemented by changing the value of 
stiffness provided in setting up the elastic foundation. The results were obtained for the locations 
where the sensors are located and compared to the data obtained during the actual static truck 
loading test. For the purpose of systematic comparison, L2 norm of the results was calculated. It 
was calculated by subtracting the field data strain value from strain obtained from the model and 
squaring these errors. These errors are then summed up to give the L2 norm. It was calculated for 
each of the tests for different values of k and the value of k that minimizes for the most number of 
cases is chosen as the k value of the slab. This value will be used in the ensuing modelling work 
as the subgrade reaction to the slab. 
 
6.4.1 Modelling results for the cast-in-place approach slab 
For the cast-in-place approach slab at Arlington Heights road, the strain and stresses observed at 
the bottom reinforcement level for select truck locations used during the static truck loading test 
are given in Figures 6.11 – 6.14. The modelling results show a smooth variation of strain and stress 
along the longitudinal direction at the bottom reinforcement level, with high magnitude near 
loaded lane and very low magnitude away from the loaded lane. The values obtained for strain 
follow the general trend of being highest at the point of loading and decaying gradually away from 
it. The result show that the strain levels roughly agree with the field data. The strains from field 









Table 6.4 Field and modelling results for static truck loading test 5 on cast-in-place slab 
(k = 0.015 kips/in/in2) 
Gage 
Field strain change (µε) 
εf 
Model strain change (µε) 
εm 
(εm -  εf)2 
'R-7-1T' 0.28 0.21 0.0049 
'L3-5-1T' 5.02 6.26 1.50 
'NS-1-2B' -0.82 -0.86 0.0016 
'L1-3-3T' 0.02 0 0.0004 
'SS-9-2B' -0.12 -0.5 0.14 
'G-6-2T' 3.43 3.08 0.12 
'L2-4-1T' 3.94 2.85 1.1 
'NS-1-2T' 0.02 0.04 0.0004 
'SS-9-2T' 0.08 0.12 0.0016 
'L3-5-2B' -6.46 -5.23 1.5 
'L3-5-3T' 2.47 3.25 0.61 
'L1-3-1T' 0.73 0.84 0.012 
'R-7-3T' 0.62 1.53 0.82 
'SS-9-1R' 0.03 0.1 0.0049 
'SS-9-1T' 0.1 0.12 0.0004 
'SS-9-3T' 0.06 0.03 0.0009 
'SS-9-3B' -0.16 0.04 0.0400 
'R-7-2T' 0.63 0.71 0.0064 
'R-7-2B' -0.52 -0.39 0.017 
'SS-9-1B' -0.04 -0.01 0.0009 
'SS-8-1T' 0.07 0.48 0.16 




Table 6.4 cont. 
'SS-9-3R' -0.04 -0.01 0.0009 
'L3-5-2T' 10.07 11.01 0.88 
'L2-4-2B' -3.07 -4.98 3.6 
'L2-4-2T' 3.46 5.61 4.6 
'G-6-2R' -1.92 2.12 16.3 
'G-6-2B' -1.97 -2.08 0.012 
'R-7-3R' -0.06 0.01 0.0049 
'L3-5-3B' 0.06 1.12 1.1 
'L3-5-1B' -3.4 -1.56 3.38 
'L2-4-3R' -1 -0.59 0.17 
'L2-4-3T' 0.66 0.9 0.057 
'L2-4-1R' -1.38 -1.59 0.044 
'NS-1-1R' -0.1 0.01 0.012 
'NS-1-1T' 0.04 0.02 0.0004 
'NS-1-1B' -0.18 -0.09 0.0081 
'L1-3-2T' 0.43 0.96 0.28 
'L1-3-2B' 0.02 0.1 0.0064 
'NS-2-3T' -0.12 -0.02 0.01 
'NS-1-3T' 0.04 0.03 0.0001 






Table 6.4 cont. 
'NS-1-3B' -0.03 -0.05 0.0004 
'R-7-1T' 0.28 0.21 0.0049 
'L3-5-1T' 5.02 6.26 1.5 
'NS-1-2B' -0.82 -0.86 0.0016 
'L1-3-3T' 0.02 0 0.0004 





            
Figure 6.11 Longitudinal strain in 
bottom reinforcement level  in 
Arlington Heights approach slab 
 Figure 6.12 Longitudinal stress (ksi) at 
bottom reinforcement level in 
Arlington Heights approach slab 




             
Figure 6.13 Longitudinal strain in 
bottom reinforcement level  in 
Arlington Heights approach slab 
 Figure 6.14 Longitudinal stress (ksi) at 
bottom reinforcement level in level 
Arlington Heights approach slab 
   
Using the methodology described earlier coefficient of subgrade reaction was found to be close to 
0.015 kips/in/in2, the values of L2 norm for different cases and values of k given are given in Table 
6.5.  The strain obtained by the model were observed to match the actual data fairly well, but failed 
to capture some of the complex behavior observed at the corners of the slab. Furthermore, the L2 
norms obtained for different tests suggest that the location of load application also affects the 
performance of the model. The value of k obtained here corresponds to loose to medium dense 
sand (comparing with typical values of Westergaard’s modulus), which conforms to the on-site 
location present. This preliminary calculation gives us a good idea about support conditions of the 









Table 6.5 Arlington Heights Road slab optimum k value 
Test 
































6.4.2 Modelling results for precast approach slab 
For the precast approach slab on Prospect Avenue, the model results were obtained similar to ones 
obtained for cast-in-place slab as well, as given in form of the strain and stresses observed at the 
bottom reinforcement level for select truck locations used during the static truck loading test are 
given in Figures 6.15- 6.18. The results observed here followed the general trend, but with some 
discontinuity as seen in Figures 6.15- 6.18, caused due to the use of tie constraint as the mechanism 
to “tie” the precast slabs together. This model also predicted development of compressive strain 
near the boundaries as well, consistent with some of the corner gage readings obtained in field 




interaction between subgrade and bottom surface of the slab. Field and modelling strains obtained 
for static truck loading test 10 at precast slab are given in Table 6.6. 
 
Table 6.6 Field and modelling results for static truck loading test 10 on cast-in-place slab (k 
= 0.025 kips/in/in2) 
Gage 
Field strain change (µε) 
εf 
Model strain change (µε) 
εm 
(εm -  εf)2 
'L3-5-4T' 3.17 2.1 1.1 
'L2-4-2B' -0.4 -0.3 0.01 
'L1-3-4T' 0.17 0 0.028 
'L3-5-1T' -0.13 -0.09 0.0016 
'L2-4-2T' 0.79 0.89 0.010 
'SS-6-4T' 6.96 5.89 1.1 
'NS-2-4B' -0.07 -0.02 0.0025 
'SS-6-1B' -0.65 -1.2 0.31 
'NS-2-1B' -0.06 -0.03 0.0009 
'NS-2-4T' 0.18 0.15 0.0009 
'SS-6-1T' 1.07 1.59 0.27 
'NS-2-1T' 0.15 0.09 0.0036 
'SS-7-2T' 0.94 5.12 17 
'SS-7-2B' -4.05 -6.22 4.71 






Table 6.6 cont. 
'SS-7-4B' -2.57 -4.29 2.9 
'NS-2-2T' 0.18 0.09 0.0081 
'NS-1-2B' -0.05 -0.09 0.0016 
'NS-1-4R' 0.13 0.01 0.014 
'NS-2-3T' 0.18 0.05 0.016 
'L2-4-3B' -0.99 -1.89 0.81 
'SS-6-3T' 8.39 6.94 2.1 
'SS-7-1R' 0 0.78 0.61 
'SS-7-1T' 0.25 1.83 2.5 
'L1-3-1R' 0.07 0.08 0.0004 
'L1-3-4R' 0.01 0.24 0.053 
'NS-1-4T' 0.25 0.08 0.029 
'NS-1-4B' -0.07 -0.06 0.0001 
'NS-1-3T' 0.23 -0.19 0.17 
'NS-1-3B' -0.02 -0.03 0.0001 
'SS-6-2T' 2.84 2.48 0.13 
'L2-4-3T' 0.77 1.23 0.21 
'SS-7-3B' -9.45 -9.18 0.073 
'SS-7-4T' 0.71 3.59 8.3 





Table 6.6 cont. 
'NS-1-2T' 0.29 0.15 0.019 
'L3-5-1R' 0.02 1.08 1.1 
'L3-5-4R' -1.6 -2.8 1.4 
'SS-7-4R' 1.34 7.59 39 
'SS-7-3T' 4.71 10.12 0.16 
'NS-1-1T' 0.25 0.09 0.025 
'NS-1-1B' -0.05 -0.02 0.0009 
'L3-5-4T' 3.17 2.1 1.1 
 
 
                           
Figure 6.16 Longitudinal strain in 
bottom reinforcement level in Prospect 
Avenue approach slab 
 Figure 6.17 Longitudinal stress (ksi) at 
bottom reinforcement level in Prospect 
Avenue approach slab 
 




                   
Figure 6.18 Longitudinal strain in 
bottom reinforcement level in 
Prospect Avenue approach slab 
 Figure 6.19 Longitudinal stress (ksi) at 
bottom reinforcement level in Prospect 
Avenue approach slab 
 
For the precast approach slab on Prospect Avenue, the optimal coefficient of subgrade reaction 
was found to be higher than that observed at Arlington Heights at about 0.025 kips/in/in2. The L2 
norms are listed in the table 6.7.  Again, the performance of the model in matching the actual 
results was limited but it was able to follow similar trends as the field data. The value of k obtained 
here corresponds to medium dense sand to dense sand (comparing with typical values of 
Westergaard’s modulus), which conforms to the on-site conditions. 
 
 
Table 6.7 Prospect Avenue optimum k value 
Test 










Table 6.7 cont. 
2 















































 CHAPTER 7: CONCLUSIONS 
 
Integral abutment bridges (IABs) are bridges in which the superstructure and the substructure are 
directly connected. The approach slab is connected to the abutment using dowel bars to eliminate 
the expansion joint, thus leading to lower costs of construction as well as lower maintenance costs. 
This has made the use of IABs highly prevalent in a large number of states in the U.S., especially 
in the Midwest region. However, the elimination of joints between the abutment and approach slab 
leads to behavior that is different compared to the behavior of other abutment types. In particular, 
premature cracking has been observed in approach slabs for IABs owned and managed by the 
Illinois State Toll Highway Authority. Surface crack formation is the second most common 
problem in IAB approach slabs in most of the states in the U.S., with the ‘bump at the end of the 
bridge’ being the most common IAB approach slab problem faced by state departments of 
transportation. The ISTHA noticed undesirable behaviors at IABs, especially in the bridges it 
constructed during 2013-2014, and identified approach slab cracking as a major concern. Due to 
limited prior research conducted on approach slab cracking in IABs and the role of temperature in 
approach slab cracking, ISTHA initiated a study that includes field monitoring and numerical 
modeling. 
 
Two bridges near O’Hare International Airport in Chicago were selected for instrumentation and 
continuous monitoring of approach slab behavior. A cast-in-place slab at the Eastbound-West side 
(EB-W) approach slab of the I-390 Bridge over Arlington Heights Road, and a precast slab at the 
Eastbound-East side (EB-E) approach slab of the I-390 Bridge over Prospect Avenue, were chosen. 
These approach slabs have similar thickness, skew and overall dimensions, with the most 
noticeable difference being the way they were cast. Both of the bridge approach slabs were 
instrumented with embedded concrete strain gages that also record temperature, and displacement 
sensors were used at the corners of the approach slab. All this data was collected using two 
multiplexers, which in turn fed the data into a data logger at each bridge. A modem was used to 
transmit the data to a computer at the University of Illinois at Urbana-Champaign every hour. 
 
The raw strain data were then used to determine actual strain and load-related strain. Actual strain 




gage. Load-related strain is the strain obtained by removing the thermally-induced free 
expansion/contraction strain from the actual strain. Thus, the load-related strain represents the 
strain caused by live load as well as any restraint imposed by the boundary conditions. The data 
showed that most of the embedded strain sensors in both of the slabs follow a linear relationship 
between actual strain and temperature, whereas there is minimal change in load-related strain. The 
actual and load-related strains tend to be compressive in nature in cold months and gets more 
tensile as the temperature increases, which matches the observations made in similar previous 
studies (Greimann et al. 2008, Farris 2009). However, there are exceptions to this trend, as some 
of the locations exhibited a sudden increase in compressive strain during the summer of 2018 (in 
both the precast and cast-in-place slabs). These locations generally occur near the abutment end of 
the slabs. These changes are attributed to settlement of the subbase near the abutment end as the 
temperature increased. In the precast slab, the sensors close to the acute corners of the slab in the 
North and South shoulders show an increase in tensile strain, although this behavior does not have 
a clear explanation. The eventual inclusion of at least another year of data is aimed to obtain 
multiple yearly cycles as well as long-term behavior of the slabs. This will also help identify the 
nonlinear trends that are observed in some of the sensors locations. Using the load-related strains, 
the associated stress induced by loading conditions was also calculated. It was assumed that the 
slab is in the linear elastic regime to do this calculation. These calculated load-related stresses had 
magnitudes lower than 1 ksi for both the cast-in-place slab and the precast slab. 
 
The global displacements recorded using the corner displacement transducers show consistent and 
expected results. For both of the slabs, the relative movement of the approach slab with respect to 
the abutment is negligible, owing to the integral design. The behavior at the expansion joint end is 
much more pronounced but still fairly linear with respect to temperature, showing that the relative 
slab movement is mainly influenced by temperature change. However, in the case of Arlington 
Heights, one of the connections is such that it connects the approach slab with a pile bent and so 
this reading shows permanent shortening of the gap between them. This suggests that the pile bent 
is being displaced slightly away from the slab. There were no major cracks observed in either slab 





In order to find the effect of various parameters on the behavior of approach slabs, such as different 
loadings, approach slab skews, lengths, thicknesses, materials and support conditions, a numerical 
model was developed using ABAQUS. The boundary conditions were pinned at the abutment end 
with a roller at the transition slab end due to the presence of the expansion joint. The slabs were 
assumed to be continuously supported by the subgrade, as suggested by the project drawings 
provided by ISTHA. To find the appropriate coefficient of subgrade reaction, a series of static 
truck loading tests were conducted. A truck with known axle weights was placed at multiple 
specified locations on the approach slab lanes and shoulders, and the associated changes in strain 
were recorded. The numerical models were loaded at the locations recorded from the static truck 
testing, and the strains from the model were compared with the field values. These comparisons 
indicate that the elastic foundation modulus of the subgrade is in the range of 0.01 – 0.025 
kip/in/in2, which conforms roughly to the expected values of such a coefficient for the field 
conditions. Results from the model conform to the general trend of slab behavior, showing high 
strain near the loaded area and rapid decay in strain as one moves away from the load.  It is able 
to match the range of strain changes observed in an individual test, but fails to match the individual 
strain values observed in the field data obtained from the sensors. We observe high L2 norm values 
for a lot of static truck loading test cases, clearly showing that it is unable to capture the full extent 
of behavior observed at some of the nodes. This is attributed to the fact that the model used here 
is a preliminary linear elastic model with no thermal interaction or friction due to subgrade 
considered. Also, the exact support condition below the slab is unknown, as the optimal coefficient 
of subgrade reaction keeps changing with changes in the lane which is loaded.  
 
To develop a better understanding of the global behavior of these approach slabs, more data is 
being collected on an ongoing basis as part of the overarching project at the University of Illinois 
with support from ISTHA. This will help in identifying permanent changes (if any) caused by the 
completion of multiple yearly cycles of seasons. The model thus created is being updated to better 
predict the behavior of the approach slab, and work is underway to include the effect of thermal 
changes, friction imposed by the subgrade, and the effect of movement in the bridge that the 
approach slab is attached to. This work, in conjunction with the rest of the research still ongoing 
as part of the overarching project, will ultimately be used to devise new design guidelines for 




understanding of surface cracking in approach slabs, leading to improved construction details and 
procedures required to mitigate approach slab cracking. The overarching project will also provide 
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APPENDIX A: ACTUAL AND LOAD-RELATED STRAINS AT LOCATIONS WITH 
NEARLY LINEAR RESPONSE IN CAST-IN-PLACE SLAB AT ARLINGTON 
HEIGHTS ROAD 
 
(a)                                                                        (b) 
Figure A.1 Strain variation with temperature at R-7-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                         (b) 
Figure A.2 Strain variation with temperature at L3-5-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                         (b) 






(a)                                                                               (b) 
Figure A.4 Strain variation with temperature at L1-3-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                           (b) 
Figure A.5 Strain variation with temperature at SS-9-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.7 Strain variation with temperature at L2-4-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.8 Strain variation with temperature at SS-9-2T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.10 Strain variation with temperature at L3-5-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.11 Strain variation with temperature at L1-3-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.13 Strain variation with temperature at R-7-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.14 Strain variation with temperature at SS-9-1R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.16 Strain variation with temperature at SS-9-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.17 Strain variation with temperature at R-7-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.19 Strain variation with temperature at SS-8-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.20 Strain variation with temperature at R-7-1R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.22 Strain variation with temperature at L2-4-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.23 Strain variation with temperature at L2-4-2T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.25 Strain variation with temperature at G-6-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.26 Strain variation with temperature at L3-5-1B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                              (b) 
Figure A.28 Strain variation with temperature at NS-1-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.29 Strain variation with temperature at NS-1-1B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 







(a)                                                                              (b) 
Figure A.31 Strain variation with temperature at NS-2-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 
Figure A.32 Strain variation with temperature at NS-1-3R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






APPENDIX B: ACTUAL AND LOAD-RELATED STRAINS AT LOCATIONS WITH 
NEARLY LINEAR RESPONSE IN PRECAST SLAB AT PROSPECT AVENUE 
 
(b)                                                                                 (b) 
Figure B.1 Strain variation with temperature at L3-54T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                             (b) 
Figure B.2 Strain variation with temperature at L2-4-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                           (b) 






(a)                                                                             (b) 
Figure B.4 Strain variation with temperature at R-7-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                                      (b) 
Figure B.5 Strain variation with temperature at SS-6-4T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                              (b) 






(a)                                                                                  (b) 
Figure B.7 Strain variation with temperature at SS-6-1B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                                (b) 
Figure B.8 Strain variation with temperature at NS-2-1B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                           (b) 






(a)                                                                        (b) 
Figure B.10 Strain variation with temperature at NS-2-4T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                            (b) 
Figure B.11 Strain variation with temperature at SS-6-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                               (b) 






(a)                                                                               (b) 
Figure B.13 Strain variation with temperature at SS-7-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                            (b) 
Figure B.14 Strain variation with temperature at SS-7-1B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                    (b) 






(a)                                                                        (b) 
Figure B.16 Strain variation with temperature at NS-1-2B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.17 Strain variation with temperature at NS-1-4R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.19 Strain variation with temperature at L2-4-3B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.20 Strain variation with temperature at SS-6-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.22 Strain variation with temperature at SS-7-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.23 Strain variation with temperature at L1-3-4R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.25 Strain variation with temperature at NS-1-4B: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.26 Strain variation with temperature at NS-1-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.28 Strain variation with temperature at SS-6-2T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.29 Strain variation with temperature at L2-4-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.31 Strain variation with temperature at SS-7-4T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.32 Strain variation with temperature at NS-1-1R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.34 Strain variation with temperature at L3-5-1R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.35 Strain variation with temperature at L3-5-4R: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 






(a)                                                                        (b) 
Figure B.37 Strain variation with temperature at SS-7-3T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 
Figure B.38 Strain variation with temperature at NS-1-1T: (a) Actual strain; (b) Load related strain 
 
(a)                                                                        (b) 










Figure C.1 Strain change map for cast-in-place slab with rear axle of the truck on Lane 3 close to 






Figure C.2 Strain change map for cast-in-place slab with rear axle of the truck on Lane 3 close to 







Figure C.3 Strain change map for cast-in-place slab with rear axle of the truck on Lane 3 close to 













Figure C.5 Strain change map for precast slab with rear axle of the truck near the abutment on 














Figure C.7 Strain change map for precast slab with rear axle of the truck near the transition slab 





Figure C.8 Strain change map for precast slab with rear axle of the truck near the abutment on 














Figure C.10 Strain change map for precast slab with rear axle of the truck near the transition slab 









Figure C.11 Strain change map for precast slab with rear axle of the truck near the abutment on 







Figure C.12 Strain change map for precast slab with rear axle of the truck near middle of South 






Figure C.13 Strain change map for precast slab with rear axle of the truck near the abutment on 
South Shoulder (test 12) 
 
 
